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The development of analytical chemistry in the U.S.A. 
is logically described in four time periods, namely (a) 
the nineteenth century, (b) 1900-1939, (c) the decade 
of the 194Os, and (d) from 1950 to the present day. 
During the nineteenth century, American analytical 
chemistry, like chemistry as a whole, tended to lag 
behind European practice. The first four decades of 
the twentieth century saw an emergence of analytical 
chemistry as a scientific discipline in addition to its 
time-honored role as an empirical set of procedures 
for characterization of matter. The decade of the 
1940s represents a special period, because during the 
first half of this decade, World War II created an 
enormous stimulus for the solution of new and 
difficult problems, but at the same time imposed 
severe limitations on communication, both within the 
U.S.A. and with scientists in other countries. The 
second half of the decade was a period in which 
pent-up wartime developments were published, and 
also new gross-disciplinary stimuli came into play to 
bring about rapid advances in all branches of anal- 
ytical chemistry. The most recent period, since 1950, 
represents the modern era of broadening and deep- 
ening the subject by taking advantage of theoretical 
and experimental advances in various branches of 
science. 

THE NINETEENTH CENTURY 

The chemical historian Aaron J. Ihde’ remarks: 
“American chemistry was hardly a mature science as 
the twentieth century began, but here and there a 
center of activity was beginning to attract attention. 
During the previous century chemistry was part of 
the usual college curriculum but seldom received 
significant emphasis before the last quarter of the 
century. . . . Whatever chemical activity existed in the 
United States was generally to be found in edu- 
cational institutions, or to a lesser extent, in govern- 
ment.” Of the five outstanding American chemists of 
the period he describes, four made substantial con- 
tributions to analytical chemistry. 

Stephen M. Babcock (1843-1931) was primarily an 
agricultural chemist best known for a simple test for 
butterfat in .milk. Harvey W. Wiley (1844-1930) was 
primarily a food chemist in the U.S. Department of 
Agriculture. He was instrumental in founding the 
Association of Official Agricultural Chemists in 1884. 

This organization, now known as the Association of 
Official Analytical Chemists, is noted for publishing 
the “Official and Tentative Methods of Analysis” of 
the A.O.A.C., which serve as the basis for commerce 
and the enforcement of pure food and drug legis- 
lation. Theodore William Richards (1868-1928) was 
a teacher of analytical and physical chemistry noted 
primarily for his work on atomic weights, for which 
he received the Nobel Prize (the first awarded to an 
American chemist) in 1915. He had many notable 
students, including G. N. Lewis, Roger Adams, Otto 
Honigschmidt, his successor Gregory Baxter, and the 
well known analytical chemist Hobart H. Willard. 
Edgar Fahs Smith (1854-1928) was primarily known 
for his work at the University of Pennsylvania on 
electrolytic methods of anaIysis. He also had many 
noted students, including Joel H. Hildebrand and 
Herbert S. Hamed. The fifth chemist mentioned by 
Ihde was Ira Remsen, a renowned organic chemist. 

Of special importance to early American analytical 
chemistry was Edward Hart, Professor of Chemistry 
at Lafayette College in Easton, PA, who founded the 
Journal of Analytical Chemistry in 188’7 and estab- 
lished the Chemical Publishing Company. In 1891 the 
name of the journal was changed to Journal of 
Analytical and Applied Chemistry. In 1893, Hart 
became editor of the Journal of the American Chem- 
icaI Society, which had been established in 1879, and 
amalgamated his journal with it.* 

Throughout the nineteenth century, the teaching of 
analytical chemistry was closely tied to agriculture, 
mineralogy and the analysis of ores, raw materials, 
alloys, foods and other materials. As organic and 
physical chemistry began to develop in Europe, the 
relative importance of analytical chemistry dwindled. 
Until at least the outbreak of World War I in 1914, 
most American research chemists received at least a 
part of their education in European centers, and it is 
logical that the influence of European physical chem- 
ists such as Ostwald, Arrhenius, van? Hoff, and 
Nemst near the turn of the century began to be felt 
in the teaching and practice of American analytical 
chemistry. 

THE PERIOD 1900-1939 

It was not until the outbreak of World War I that 
American chemistry had to break away from Euro- 
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pean, and especially German, dominance. Industry 
had to develop capabilities in the manufacture of 
fertilizers, explosives, dyes and drugs, while academic 
chemists could no longer depend upon advanced 
training in Europe. In analytical chemistry, several 
academic centers emerged by the mid-192% notably 
Caltech (E. H. Swift), Cornell (E. M. Chamot), 
Harvard (G. P. Baxter), Illinois (G. F. Smith), 
Michigan (H. H. Willard), Ohio State (C. W. Foulk), 
Princeton (N. H. Furman), Purdue (M. G. Mellon), 
Virginia (J. H. Yoe), and Wisconsin (V. W. Meloche). 
In 1927 an important addition to this list occurred 
when I. M. Kolthoff came from Utrecht to the 
University of Minnesota. During the 1930s the eco- 
nomic depression slowed down expansion so that few 
additions to this list could be made until 1939, when 
Harvey Diehl went to Iowa State and 1940 when 
P. W. West went to Louisiana State University. 

In government laboratories, the National Bureau 
of Standards was outstanding, especially in tradi- 
tional “wet” methods. The book Applied Inorganic 
Analysis (1929) by W. F. Hillebrand and G. E. F. 
Lundell was long a standard reference book. The 
NBS, ~ginning in 1905, has served an important 
need as the supplier of primary standard substances 
and certified standard reference materials. Other no- 
table government laboratories of the era were at the 
U.S. Department of Agriculture, the U.S. Geological 
Survey and the US Bureau of Mines. Many industrial 
research laboratories were estabtished in the 1920s 
but the depression of the 1930s slowed their growth. 

In analytical chemistry, the 1900-1939 period was 
marked by the gradual increase in emphasis on a 
scientific approach instead of a purely empirical one, 
and an increased emphasis on instrumental mea- 
surements to supplement the traditional chemical 
ones. To illustrate the scientific approach, consider 
the long series of papers by Kolthoff and his students 
on the formation and properties of precipitates. 
These papers were not directed primarily at im- 
provements in specific analytical methods per se but 
to an understanding of the processes involved. Instru- 
ments themselves had little to do with the scientific 
approach, as illustrated by the long period during 
which atomic-emission spectroscopy was used in a 
purely empirical way for trace analysis without atten- 
tion to the details of the processes involved. Polar- 
ography had been introduced as early as 1922 by 
Heyrovsky, but until the late 1930s its use in the 
U.S.A. was largely empirical. In 1939, Kolthoff and 
Lingane3 published a major article in Chemical Re- 
views on the fundamental aspects of the subject, 
which together with their book in 1941 stimulated a 
great deal of interest in the U.S.A. Ralph H. Mtiller, 
of New York University, published a paper in 1928 
with H. M. Partridge, entitled “Applications of the 
Photo-Electric Cell to Automatic Titrations”,4 the 
forerunner of a great many contributions to anal- 
ytical instrumentation for the next several decades. 

After the amalgamation of the Journal of Anal- 

ytical and Applied Chemistry with J. Am. Chem. Sot., 
no American research journal devoted exclusively to 
analytical chemistry existed until the Analytical Edi- 
tion of Industrial and Engineering Chemistry was 
established in 1929. The editorial policy was to 
emphasize papers devoted to analytical procedures 
and applications, while papers on the fundamentals 
continued to appear in J. Am. Chem. Sot. Instrumen- 
tal papers were not excluded, as illustrated by the 
publication of a major paper on “Photoelectric Meth- 
ods in Analytical Chemistry” by Ralph H. Miiller in 
1939.’ The policy of excluding fundamental papers 
was to change by 1947, when the name of the journal 
was changed to Analytical Chemistry. 

In the American Chemical Society analytical chem- 
istry was represented by the Analytical Section of the 
Division of Physical and Inorganic Chemistry 
through the 1930s. In 1940 this Section was merged 
with the Division of Microchemistry, which had been 
established in 1938, to form the Division of Anal- 
ytical and Microchemistry. In 1949 the name was 
changed again to its present name, the Division of 
Analytical Chemistry. The Division has had an active 
role in many professional activities, such as the 
co-sponsorship with the journal Analytical Chemistry 
of a summer symposium each year since 1948, the 
sponsorship of fellowships to support graduate study 
since 1966, the sponsorship of undergraduate awards 
in analytical chemistry since 1968, and since 1973 the 
sponsorship of a program of Summer Interns in 
which outstanding undergraduates are placed in sum- 
mer jobs in industry. It also acts to select recipients 
of a number of Divisional awards which are funded 
by industry and presented at Divisional symposia at 
national ACS meetings. Divisional membership has 
steadily grown over the years until it has become the 
third largest in the ACS, exceeded only by that of the 
Organic and Polymer Divisions. 

Pioneering work with the glass electrode by Haber 
and Klemensiewics dates back to the same year 
(1909) as the Ssrensen definition of pH. Mea- 
surements with this electrode were hampered by the 
di~culties due to its high resistance, until the late 
1920s when several investigators, especially in the 
U.S.A., devised vacuum-tube potentiometers. The 
commercial availability of the Beckman pH meter in 
1935 made such measurements a practical reality. The 
work of Maclnnes and Dole, beginning in 1929, 
showing the effect of glass composition and the errors 
at each end of the pH scale, was also of great 
importance. Finally, the establishment of a functional 
pH scale through the establishment of a set of 
carefully measured pH standards came through the 
work of R. G. Bates and co-workers at the National 
Bureau of Standards, beginning in the late 1930s. 

Electronic instrumentation has been an im~rtant 
contribution of American analytical chemistry for 
over sixty years. The photoelectric cell permitted a 
revolution in calorimetric analysis, the Dubosq col- 
orimeter being replaced first by a photoelectric col- 
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orimeter, then by a filter photometer, and during the 
1930s by the spectrophotometer. Atomic emission 
spectroscopy began to become quantitative during 
the 192Os, first by means of visual compar$on of the 
intensities of photographic lines of pairs of elements, 
one being the unknown and the other an internal 
standard, often the main matrix element. Later, 
intricate methods of varying the exposure time, such 
as the rotating step or log sector permitted a cali- 
bration of the photographic plate, and finally the 
microphotometer provided a measurement of line 
intensities. The direct reading atomic emission spec- 
trometer awaited the invention of the photomultiplier 
tube in the mid-1940s. The polarograph, invented in 
Czechoslovakia in 1925, was imported to the U.S.A. 
until the outbreak of World War Il. Meanwhile, 
Heyrovsky had signed an agreement with E. H. 
Sargent Co. to permit American manufacture of an 
instrument under the same name if the Nejedly 
company in Prague could not make deliveries. Ac- 
cordingly, a series of Sargent Polarographs appeared 
in the 1940s. Competitors, mainly Leeds and North- 
rup, with their Eiectr~hemograph and Fisher, with 
their Elecdropode, a manually operated instrument, 
appeared in the Iate 1930s. Ralph H. Miiller et al. 
described a cathode-ray polarograph in 1938.6 A few 
other electronic instruments were introduced, such as 
a fluorometer, a conductivity meter, and a gas anal- 
ysis apparatus based on thermal conductivity. Two 
comprehensive review articles by Ralph H. Miiller, in 
1940 and 1941,7 give an interesting account of the 
state of analytical instrumentation just before the 
American entry into World War II. 

THE 1940s 

The first half of the decade, the wartime years, 
represented the beginning of massive research sup- 
port by the U.S. government. The nuclear research 
program brought several challenges to analytical 
chemistry. First of all, to prepare graphite of excep- 
tional purity required trace analysis methods of 
unusual sensitivity. The characterization of trans- 
uranium elements required micro methods for han- 
dling small amounts of matter, and indeed Iearning 
entirely new chemistry. Characterization of fission 
products required rapid and quantitative separation 
of rare earth elements. To follow the course of 
isotope enrichment, improved methods of mea- 
surement of isotope ratios were needed. All of these 
had to be a~omplished under strict secrecy condi- 
tions, so only personnel who had gone through 
clearance procedures could be consulted. 

Other wartime programs aiso brought up new 
problems which to a lesser extent were sequestered 
from open publication. The synthetic rubber program 
involved analysis of complex organic systems such as 
the emulsions used in the synthesis, and the raw 
materials and products. A great deal of analytical 
work was involved with mechanistic studies of the 

polymerization process. The antimalarial drug pro- 
gram required sensitive methods for blood plasma 
analysis, with the demands for sensitivity increasing 
as the drugs were improved. The chemical warfare 
program involved tests for trace quantities of chem- 
ical agents and their degradation products. These and 
other programs resulted in a tremendous log-jam of 
unpublished developments in analytical methods 
and instrumentation, that eventually appeared in the 
literature during the second half of the decade. 

Most of the developments were improvements on 
pre-war methods, but the changes were so dramatic 
that the antecedents were almost unrecognizable. As 
an example, neutron activation analysis was known 
in principle before the war, but the emergence of the 
nuclear reactor provided so much greater neutron 
fluxes that the method became practicable. Likewise, 
ion-exchange was known long before the war, and 
synthetic ion-exchange resins had been introduced, 
but rare-earth separations had still involved thou- 
sands of recrystallizations until the wartime program. 
Infrared and ultraviolet spectroscopy emerged as 
tools of the analytical laboratory rather than special- 
ized research instruments. Mass spectrometry devel- 
oped into a quantitative organic analytical method as 
well as an accurate method for measuring isotope 
ratios. 

Developments in other sciences such as electronics 
and solid state physics also had an impact on anal- 
ytical chemistry before the end of the decade. Radar 
research led to high-frequency titrimetry, and the 
invention of the thermistor rendered practicable the 
old concept of the thermometric titration. Invention 
of the transistor led to the development of solid state 
electronics. The digital computer went through 
several stages of development in the vacuum-tube 
mode during the 1940s before emerging later in solid 
state versions. 

Beginning in 1943, Waiter J. Murphy of ACS 
Publications began to lay plans for the creation of a 
new journal to replace the Anaiyticui Edition of 
rnd~trial and ~ngineer~g Chemistry. He brought in 
for the first time an analytical chemist, Dr. Lawrence 
T. Hallet, and together with the editorial advisory 
board they created what in effect was a new journal, 
Analytical Chemistry, to carry feature articles and 
advertising matter as well as research papers. The 
magazine section, or A pages, proved to be very 
successful as a source of tutorial material and infor- 
mative advertising matter, the income from which 
helped to keep the sub~~ption price low and thereby 
to stimulate a large circulation. The new journal was 
prepared during the last half of the decade to handle 
the pent-up backlog of publications, and to mod- 
ernize its definition of acceptable papers. 

Beginning in 1946, academic research began to 
expand rapidly with governmental financial support 
of the return to school of former soldiers, coupled 
with the establishment of several research support 
agencies. The 0th~~ of Naval Research (ONR) was 
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the first of these agencies, established in 1945 and 
soon to be followed by others. From the beginning, 
the ONR supported pure research without regard to 
possible military applications, with the expectation 
that the National Science Foundation (NSF) would 
be established for the support of pure science. In 
1950, the NSF was established, at first with quite a 
limited budget, but with a gradual growth over the 
years. The important principle was established that 
science was to be supported on the basis of research 
proposals submitted by individual investigators on 
a competetive basis and subjected to peer review. 
Essentially this same system is in operation today, 
supplemented by special institutional and project 
grants. 

THE WSCk TO THE PRESENT 

In a 1978 symposium on the occasion of the fiftieth 
anniversary of the journal Analytical Chemistry, 
several authors traced the development of the journal 
and the science decade by decade.s It is clear that 
several factors influenced this development, including 
the changing demands of government and industry 
for analytical information, progress in other branches 
of chemistry and other sciences, and the availability 
of skilled personnel and resources in universities and 
in governmental and industrial laboratories. 

By 1950, a new generation of Ph.D.s was entering 
the academic scene, bringing in the experiences of the 
wartime research programs. Graduate enrollments 
increased greatly with governmental support. New 
faculty positions were added to existing institutions, 
and new Ph.D. programs were started. Students of 
the academic pioneers mentioned above were training 
students of their own. The enormous impact of 
Kolthoff on American analytical chemistry is demon- 
strated by the fact that a listing of his Ph.D. students 
and successive generations of his scientific progeny up 
to December, 1982 included 51 first generation 
Ph.D.s, 310 second generation, 497 third generation, 
194 in the fourth generation, 10 in the fifth, and 11 
in the sixth, for a total of 1073 Ph.D. descendents. Of 
course the list is still growing. Other notable con- 
tributors to the pool of analytical talent were N. H. 
Furman, H. H. Willard and others mentioned above 
as prewar academic pioneers. An important post-war 
contribution was made by H. V. Malmstadt, who 
trained 62 analytical Ph.D.s between 1951 and 1982 
at the University of Illinois, about 20 of whom 
entered teaching careers and later greatly influenced 
the fields of spectroscopy and analytical instrumen- 
tation. 

Greatly increased funding became available for 
equipment, and the supply of commercial instrumen- 
tation increased rapidly. Developments in other sci- 
ences were made available to analytical chemists. For 
example, high-frequency electronics was largely de- 
veloped in the wartime radar program but was soon 
the subject of analytical applications. The invention 

of the transistor in the late 1940s soon was to 
revolutionize electronic instrumentation, not only 
directly through the replacement of vacuum-tube 
circuitry by solid state technology, but indirectly 
through the evolution of digital computers from large 
institutional facilities to mini- and micro-computers 
that could be dedicated to a single laboratory or 
instrument. This evolution took place during the 
1950s and 60s so that by the 197Os, analytical 
instruments with built-in computers began to emerge. 

Demands for analytical information proved to be 
a stimulus for research and development throughout 
the postwar period. Solid state physics gained im- 
portance with the discovery of the transistor, and 
with it came unprecedented demands for accurate 
and sensitive trace analysis. Growth of the synthetic 
organic chemical industry brought demands for de- 
tailed characterization of raw materials, processes, 
and products. Applications of clinical methods ex- 
panded greatly. During the 1960s and 7Os, the grow- 
ing importance of environmental chemistry provided 
a new stimulus for analysis of increasing detail in a 
wide variety of samples. Analysis not just for ele- 
ments and compounds, but for different species of the 
same element became important, and questions of 
spatial distribution began to assume importance. We 
shall now briefly examine several subspecialties over 
the past four decades. 

The field of electronic instrumentation in analytical 
chemistry received enormous stimulus during the 
1960s when H. V. Malmstadt and C. G. Enke devised 
a new approach to teaching and research in analytical 
instrumentation, based on individual experi- 
mentation in a modular mode. As computer tech- 
nology improved, the approach was shifted from 
analog to digital electronics, made available at low 
cost to many educational institutions. Thus, a new 
generation of analytical chemists well versed in elec- 
tronics and computer techniques began to emerge. 

Despite the increasing emphasis being given to 
instrumentation in the post-war period, some notable 
advances in chemical methods were also being made. 
An example is complexometry, a field pioneered by 
Schwarzenbach in Switzerland during the late 1940s 
and soon exploited by many workers throughout the 
world. Early contributors in the U.S.A. include 
Harvey Diehl, H. A. Flaschka, and C. N. Reilley. 
Another notable area of chemical analysis is aqua- 
metry, based on the Karl Fischer reagent for water, 
used for a large variety of organic functional group 
analyses, especially by J. R. Mitchell at DuPont. 
Automated titrations, thermometric analysis, kinetic 
methods, and spectrophotometric titrations repre- 
sented modernized adaptations of time-honored 
quantitative reactions. 

During the 1950s electroanalytical chemistry began 
to broaden greatly as instrumentation permitted ex- 
perimentation on shorter time scales. Stable DC 
coupled oscilloscopes were a rarity in 1950, but 
became commonplace by the end of the decade, 
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especially through the introduction by Tektronix of 
a wide variety of oscilloscopes with plug-in 
amplifiers. Pen and ink recorders improved greatly in 
sensitivity and response time. Coulometry, which 
dates back in principle to Michael Faraday, had seen 
only limited applications until the invention of the 
electronic potentiostat by Hickling in England in 
1942. In the U.S.A., controlled potential coulometry 
was studied by Lingane, and coulometric titrations at 
constant current by Swift, Furman and their students 
in the 1940s. Diehl at Iowa State and Taylor at NBS 
carried out coulometric titrations of high accuracy. 
Modem work has emphasized measurements at short 
time intervals. C. G. Enke9 in his 1959 thesis credited 
D. D. DeFord with the vacuum-tube operational 
amplifier circuitry used in the coulometry of frac- 
tional monolayer amounts of oxide. Later devel- 
opments, such as chronocoulometry,10 have been 
made possible by the use of solid state electronics. 

Theoretical concepts such as an understanding of 
electrode kinetics and of mass transport at the rotat- 
ing disk electrode (developed by Levich in the 
U.S.S.R.) led to a great expansion in the types of 
electrodes and the el~trochemi~l techniques. In 
particular, the development of the theory of cyclic 
voltammetry by Nicholson and Shain in the 1950s 
proved to be a great stimulus. G. C. Barker, in 
England, had developed the theory of pulse polar- 
ography and a commercial inst~ment with complex 
vacuum tube circuitry had been introduced, but it 
was R. A. Osteryoung and E. P. Parry in the 1960s 
who introduced a much simpler solid state circuit 
which was commercialized by Princeton Applied 
Research Corp. (PARC) to make the method anal- 
ytically practical. The modern era of ion-selective 
electrodes started with the work of Pungor in 
Hungary in the 1960s. Landmark discoveries in the 
U.S.A. were the lanthanum fluoride single crystal 
sensor for fluoride, and the liquid ion-exchange mem- 
branes by Frant and Ross in 1966. Other important 
innovations were the silver sulfide-metal sulfide sen- 
sors for metal ions, and the composite sensors based 
on a glass electrode and a diffusion membrane, for 
hydrogen ions or other species changing the pH at the 
glass surface. A pioneering paper” by Updike and 
Hicks in 1967 introduced the use of immobilized 
enzymes, a concept developed especially by Guilbault 
and by Rechnitz, beginning in 1970. Rechnitz has 
devised a wide variety of biochemical sensors, based 
not only on enzyme systems, but also on antigen- 
antibody interactions, and sensors based on plant or 
animal tissues and even living organisms. A different 
type of membrane sensor, based on amperometry, 
was introduced in 1956 by L. C. Clark, who used a 
diffusion membrane to obtain stable, diffusion- 
limited electrolysis currents at stationary electrodes. 
The first application, for monitoring dissolved oxy 
gen, was soon commercialized but its obscure publi- 
cation delayed further exploitation of this principle. 
Other important electroanalytical developments dur- 

ing the 1980s have included chemically modified 
surfaces and spectroelectrochemistry using trans- 
parent electrodes. 

The development of gas chromatography (GC) in 
England in 1952 soon stimulated the manufacture of 
commercial instrumentation in the U.S.A. By 1955, 
several competing manufacturers had commercial 
instruments to offer. GC had an immediate impact 
on analytical chemistry, especially in industry. For 
example, in the petroleum industry, large distillation 
rooms had been devoted to the separation of crude 
oil fractions by use of the Podbelniak column, fol- 
lowed by measurement of the volumes of the frac- 
tions. The GC system soon replaced such distillation 
rooms. Likewise, organic mass spectrometry (MS), 
which had been introduced during the wartime rub- 
ber program, had a serious competitor in GC. Com- 
puter developments made GC-MS practicable for 
routine work by the late 196Os, and complete com- 
mercial systems were available by 1970. Liquid chro- 
matography had been overshadowed by GC through 
the late 1950s and 6Os, but began a resurgence in the 
1970s with the development of HPLC (first used as an 
acronym for high pressure liquid chromatography 
and later for high performance LC), which could once 
more compete with GC in speed and resolution and 
which was applicable to nonvolatile compounds. An 
analytical system using HPLC and involving comput- 
erized el~troanalyti~al measurement and flow injec- 
tion analysis (to be discussed in further detail below) 
is BAS, or Bioanalytical Systems, introduced by Peter 
T. Kissinger of Purdue University in the 1970s. 

Until the early 194Os, spectrophotometry was still 
in a primitive state. A few commercial spectro- 
photometers operating in the visible range were avail- 
able, notably a recording instrument made by GE. 
Both UV and IR spectrometry were still in the hands 
of research specialists. A landmark was the intro- 
duction of the Beckman DU quartz prism instrument 
in 1942.12 This manually operated instrument saw 
numerous analytical applications until its manu- 
facture was halted in 1976. In the meantime, several 
automated instruments appeared, including the 
Beckman DR, which was briefly offered in 1953, and 
replaced by the DK-1 in 1954. These prism instru- 
ments were later supplanted by grating instruments, 
which are predominant today. 

IR spectrophotometry was likewise primarily a 
research specialty until Norman Wright at DowI 
showed its analytical applications, by the end of 1941. 
Other companies active in the field were Shell and 
American Cyanamid. Again, the government rubber 
program stimulated commercial development of 
analytical instrument, and by late 1942, Beckman 
delivered its first IR-1 instrument, based on a design 
by Robert Brattain of Shell Development. Perkin- 
Elmer produced a landmark instrument, the Model 
12-A, based on a design by R. Bowling Barnes of 
Cyanamid, and originally built in 1936. This was 
soon replaced by the Model 12B, a recording instru- 
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ment. In the meantime, the Dow group had devel- 
oped the first double-beam instrument, which 
appeared in commercial form in 1947 as the Baird 
Associates instrument. Perkin-Elmer, in 1949, intro- 
duced the Model 2 1, a .double-beam recording instru- 
ment which did much to popularize IR spectrometry 
as an analytical method. Beckman also introduced a 
recording double-beam instrument in 1949, the 
Model IR-3, which was ahead of its time in using over 
100 vacuum tubes but was subject to maintenance 
problems. Finally, in 1956, the IR-4 proved to be a 
commercially successful progenitor of a series of 
modem instruments. The Perkin-Elmer Model 137, 
which appeared in 1957, was a low cost, bench-top 
model that brought IR into everyday use in many 
laboratories. 

infrared spectrometry was to experience another 
important development, FT-IR, which represents an 
important example of the influence of computer 
developments on analytical chemistry. Although the 
Fourier transform had long been known as a mathe- 
matical device it was not until the development of the 
low cost digital computer and the Fast Fourier 
Transform algorithm that it became practicable to 
use this approach in analytical instrumentation. The 
first application in the form of commercial instru- 
mentation was to IR and NMR in the late 196Os, but 
various other applications have since been made, for 
example in electrochemistry and mass spectrometry. 

Atomic-abso~tion spectrometry came of age in 
the late 1950s and 60s. L’vov in the U.S.S.R. had 
pioneered in the technique, using a carbon furnace, 
but the introduction of the hollow cathode lamp by 
Walsh in Australia in 1955 greatly stimulated use of 
the technique in the USA., where several instrument 
makers came out with commercial inst~ments to 
meet the demands for trace element dete~inations in 
environmental samples, foods, and other materials. 
Atomic-emission spectroscopy had long remained in 
a quiescent state until the development of the photo- 
multiplier tube in the late 1940s. An application was 
made by Alcoa to aluminum analysis, with the 
“Quantometer”, an early version of a direct reading 
spectrometer. The inductively coupled plasma, or 
ICP, was simultaneously introduced in 1964 by 
Greenfield in the U.K. and Fassel in the U.S., and 
subsequently investigated intensively by Fassel. Being 
commercially available and capable of multi-element 
dete~inations of great sensitivity, ICP spectroscopy 
is the most important of present-day emission 
spectrochemical methods. Atomic-fluorescence spec- 
troscopy was pioneered by Winefordner, beginning in 
the late 1950s. 

No other analytical technique can rival mass spec- 
trometry in its wide variety of approaches to analysis. 
It has continued a long series of modifi~tions since 
its early uses for isotope ratios and organic analyses.’ 
Several of these modifications could produce such 
large amounts of data at high speed that it was 
necessary to wait for the development of inexpensive, 

high speed computers before they could become 
of great importance in analytical chemistry. For 
example, high-resolution MS began to be used as a 
structure tool in organic chemistry during the 1950% 
but computers were still in a primitive state at that 
time. During the 196Os, development of mini- 
computers made it practicable to process the volu- 
minous data generated in the analysis of GC effluents, 
so that by the end of the decade, commercial GC-MS 
units were available. For LC, interfacing with MS 
proved to be a more serious problem because of the 
need for disposing of the solvent, and it was not until 
the 1980s that commercial instruments became avail- 
able. Various versions of MS differ in the manner of 
sample introduction, the production of ions, and 
their separation and detection. 

The spark-source mass spectrometer (SS-MS) goes 
back to Dempster in 1934, and was used primarily by 
physicists in the immediate post-war period when 
solid state physics with its demands for ultrapure 
solids emerged. In 1954, Hannay and Ahearn showed 
its general utility for trace analysis, and in 1958 
commercial instruments became available. Though 
SS-MS proved to be applicable to a large number of 
elements and extremely sensitive, its limited accuracy 
and the complexity of the spectra have led to a 
decrease in its utility as other techniques have come 
along. More recent techniques for solids analysis 
include such methods as secondary-ion MS and ion 
microprobe MS, which are primarily surface analysis 
techniques but permit depth profiling as well. 

The time-of-flight MS was introduced as early as 
1948 by Cameron and Eggers at Oak Ridge, and 
became commercially available from Bendix in 1955. 
It found analytical applications in situations re- 
quiring rapid response, as in shock-wave research. 
The quadrupole MS originated from high-energy 
particle accelerators and was introduced as a mass 
spectrometer in Germany in 1955 and commer- 
cialized in the U.S.A. in the late 1950s. The compact 
size lent itself to many analytical applications, culmi- 
nating in the “triple quad” or tandem MS/MS/MS 
system in which a middle se&oh permits reactions of 
selected ion fragments to be examined by the third 
MS. This system was originated by Enke and Yost 
in the late 1970s and quickly commercialized by 
Finnigan for analysis of complex mixtures. When 
coupled with GC or LC and operated under com- 
puter control, this system has emerged as a powerful 
technique for trace organic analysis. During the 
1970s and 80s quadrupole MS has been coupled with 
a large variety of ultrahigh vacuum spectroscopy 
techniques for the examination of species emitted 
from surfaces upon exposure to beams of electrons, 
photons, ions or molecules. 

Ion cyclotron resonance mass s~tromet~ or 
ICR-MS was described as early as 1965, but anal- 
ytical applications did not appear until the funda- 
mental chemical studies of Baldeschwieler led to 
commercial instruments in the 1970s. This is another 
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example of the importance of the microcomputer, 
because with the introduction of the FT version 
by Nicolet the method finally assumed analytical 
importance. 

X-Ray emission spectroscopy can be traced back 
to Moseley in England in 1913, and to de Broglie in 
France, who in 1914 observed the phenomenon of 
X-ray fluorescence from samples outside the X-ray 
tube, but it did not emerge as an important analytical 
technique until 1948, when H. Friedman and L. S. 
Birks at the U.S. Naval Research Laboratory used it 
for trace analysis.* Commercial instrumentation soon 
followed. The electron microprobe was devised in the 
late 1940s independently in the U.S.A., France, and 
the U.S.S.R. A landmark was the publication of the 
Ph.D. thesis of Castaing from the University of Paris 
in 1951, but it was not until the middle 1950s that 
improved instruments were developed in several 
countries. An important advance came in the middle 
1960s when energy-dispersive X-ray spectroscopy 
with the use of a silicon crystal, and later, of the 
Li-drifted Si detector, was introduced by F. S. 
Goulding and co-workers at Berkeley. This detector 
rendered possible the use of the scanning electron 
microscope to determine surface elemental distribu- 
tion for a wide variety of samples. 

Photoelectron spectroscopy originated as a surface 
analytical technique in Sweden in the late 1960s. The 
monograph of Siegbahn in 1967 stimulated world- 
wide interest in X-ray photoelectron spectroscopy 
(XPS or ESCA). An early American investigator in 
the field was David M. Hercules. After the intro- 
duction of commercial instrumentation in 1970 many 
investigators entered the field. The current trend has 
been to incorporate a number of high-vacuum spec- 
troscopy techniques into a single instrument to per- 
mit excitation by photons, electrons, or ion beams, 
and observation of various types of output signals 
(photons, ions, or electrons). From the analytical 
viewpoint, single-purpose instruments continue to 
thrive because they can be designed for multiple 
sample handling and quicker throughput. 

Development of the laser in the 1960s has led to a 
wide variety of analytical applications. The early 
application to the laser microprobe as a sampling 
device for atomic emission was soon supplanted 
by other probe methods. Later applications have 
been made to virtually all forms of spectrochemical 
analysis from atomic absorption, emission and 
fluorescence to molecular absorption, fluorescence, 
and phosphorescence. Perhaps the ultimate in de- 
tection limits was reached in 1976 when J. P. Young 
and co-workers at Oak Ridge National Laboratory 
used resonance ionization spectroscopy for the de- 
tection of a single atom.14 

A good example of the impact of lasers is in 
Raman spectroscopy, which had been discovered in 
1928 but had not received appreciable analytical 
application even though R. F. Stamm of Cyanamid 
had described an instrument and discussed possible 
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analytical applications in 1945. After S. P. S. Porto 
and D. L. Wood reported on the use of the pulsed 
ruby laser in 1962, commercial instrumentation soon 
became available. By 1964, the double mono- 
chromator was used to enhance sensitivity by elimi- 
nation of stray light. More recent advances have 
further improved sensitivity by using multichannel 
detectors to provide time-resolved spectra. In 1984, 
Asher pioneered in the application of resonance 
Raman spectrometry in trace analysis for individual 
polynuclear aromatic hydrocarbons in mixtures 
down to levels of 20ngfg. Another enhancement 
technique is SERS, or surface-enhanced Raman spec- 
troscopy. In 1974, Fleischmann et al. in England” 
had observed unexpectedly intense Raman bands for 
pyridine at a silver electrode and had attributed the 
effect to surface roughness. Van Duyne et al. at 
Northwes~m University I6 found in 1977 that the 
effect increased with smoother electrodes and intro- 
duced the term SERS to describe the huge increase 
(by a factor of the order of 106) for adsorbed species. 
The large enhancement was independently observed 
by Albrecht and Creighton in the U.K.” A great 
many publications on the subject have since ap 
peared. 

RECENT TRENDS 

Chemometrics involves the use of mathematical 
and statistical techniques in data acquisition, storage, 
and interpretation. The term was introduced by 
Bruce R. Kowalski’* to embody the growing body of 
mathematical techniques that with the development 
of inexpensive high-speed computers have become 
practical to employ in the various stages of the 
analytical process. Mention has been made above of 
Fourier transform techniques in various forms of 
instrumental analysis. However, regardless of the 
measurement technique, chemometrics is concerned 
with the statistics of sampling, experimental design, 
optimization, pattern recognition, correlation of in- 
formation and the like. It is clear that this field is in 
its infancy and will influence all aspects of analysis 
from pure research to routine appli~tions. It may be 
safely projected that the use of chemometric tech- 
niques such as pattern recognition will be increasingly 
used with automated analytical systems for diagnos- 
tic purposes in the medical field. 

Automation of analytical methods has been 
advancing in several directions, beginning in the late 
1940s. Elemental organic microanalysis has been 
automated, primarily through pioneering work by 
W. Merz in Germany, and others. Commercial in- 
strument development in the USA as well as in other 
countries was well developed by the 1960s. 

The large sample throughput demanded in hospi- 
tals and clinical laboratories provided the impetus for 
development of an automated system for the analysis 
of solutions. L. T. Skeggs” of the Veterans’s Admin- 
istration Hospital in Cleveland applied a system of 
segmented flow in plastic tubes to perform many 
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routine operations of sample preparation and mea- 
surement, culminating in 1957 with the introduction 
of the AutoAnalyzer@ by Technicon. This system has 
since been gradually extended and refined with the 
inco~ration of computer control and data output. 
A different system, based on the use of ~nt~fugation, 
was developed by Norman Anderson of Oak Ridge 
National Laboratory during the 1960s. Since the 
introduction of these pioneer instruments, versatile 
discrete (batch) analyzers have been developed with 
random access capabilities to permit the operator to 
select the analyte(s) to be measured. 

Another important clinical analysis technique is 
immunoassay, using specific antigen-antibody inter- 
actions for measuring antigens. This approach, which 
involves the use of a tagged antigen to compete with 
analyte antigen for binding sites on the antibody, was 
originated in 1962 by Berson and Yalow,M who used 
radioimmunoassay to determine small quantities of 
insulin. In 1977, after Berson’s death, Rose Yalow 
was awarded the Nobel prize in physiology for this 
development. Tagging agents other than radio- 
isotopes, such as fluorophores or enzymes, were later 
introduced. By the late 1960s and early 1970s the 
immunoassay technique had emerged as a significant 
and growing approach to clinical analysis. 

Another approach to automatic analysis is to use 
a continuous rather than segmented flow of liquid 
and to inject a series of samples, which are analyzed 
downstream. HPLC of course uses a continuous 
stream, but the emphasis is on separation of a 
mixture into its components. In flow injection anal- 
ysis, or FIA, the objective is to determine a single 
component in a series of injected samples. The origins 
of the approach are somewhat controversial, de- 
pending on the emphasis given to its various aspects. 
The earliest report of the use of an injected sample 
followed by downstream detection seems to be that 
of Pungor et al. in Hungary in 1970;*’ a voltammetric 
detector was used. The most detailed and systematic 
studies are those of R6iiEka and Hansen in 
Denmark. A patent application was filed in 1974:’ 
followed by a classic series of papers beginning in 
1975,23 in which the term “flow injection analysis” 
was introduced. In the meantime, 3ergmeyer and 
Hagen in Germany24 had described a system of 
enzymatic analysis based on an immobilized enzyme 
and a continuously flowing buffer solution into which 
samples were introduced. American contributions 
began in 1972 when White and Fitzgerald2’ used a 
continuously flowing solution with an injected 
sample, to determine ascorbic acid. In 1973, Frantz 
and Hare26 described in an internal report a system 
in which a sample was inserted into an unsegmented 
stream by breakage of a capillary of defined volume. 
Stewart, Beecher and Hare presented papers at 
national meetings in 1974” describing the automated 
analysis of discrete samples in unsegmented con- 
tinuously flowing streams. 

Process stream analysis, the on-line monitoring of 

the quality of industrial streams, has existed in prim- 
itive forms for a long time, but starting in the late 
1950s with the development of minicomputers, and 
especially in the 1970s with the advent of the rnicro- 
processor, it has rapidly increased in importance. 
Today, an extensive array of digital analysis systems 
and programmable controllers is available.** Many of 
the modern analytical methods are being used for 
on-line analysis, including GC, LC, MS, absorption 
and emission spectrometry, electrochemical detection 
systems, and even techniques such as X-ray emission. 
The microprocessor has enabled the introduction 
of chemometric techniques such as internal self- 
diagnostics and multi-analyzer comparisons. It may 
be safely predicted that process analyzer technology 
will continue to develop in importance and complex- 
ity. 

Robotics is another product of the computer age 
that is beginning to spread from the factory to the 
laboratory. it is interesting that many of the oper- 
ations of classical analysis, such as sample dis- 
solution, chemical pretreatment, extraction, and 
titration lend themselves to robotics, so many of the 
time-honored chemical methods may survive for a 
long time in competition with the purely ins~mental 
approaches. 
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Analytical chemistry has long heen, and continues to 
he, an important component of the undergraduate 
Bachelor of Science Chemistry degree in most col- 
leges and universities in the U.S. It typically occupies 
the position in the curriculum where the student first 
encounters lecture and laboratory instruction in 
quantitative measurements of chemical materials, 
and sometimes is the student’s first quantitative ex- 
perimentation of any form. The skills and attitudes 
developed in this course in quantitative measure- 
ments are underpinnings of subsequent stages of 
the curriculum, including experimental physical 
chemistry. 

Analytical chemistry plays a second important role 
by introducing the undergraduate student to the 
principles and applications of chemical transducers, I 
will refer to chemical transducers in this article in the 
sense of devices and means by which chemists convert 
chemical structural and compositional information 
into recordable electrical and optical phenomena, 
e.g., a molecular absorption spectrum, a mass 
spectrum, a cyclic voltammogram, a chromatogram, 
a pH reading, or a change in molecular conductivity. 
The chemist’s transducer is in many ways an interface 
between chemistry and physics in the student’s 
training, albeit not often mentioned as such by the 
professor (I use “professor” in the U.S. sense: 
a teacher). Chemical transducers are pervasive in 
instruments found in undergraduate organic and 
physical chemistry and biochemistry laboratory 
courses. These inst~ments are often used on an 
empifical basis, preceding explanation of their prin- 
ciples in an analytical course in the terminal year of 
the curriculum. Chemical transduce& are employed 
by nearly all chemists who continue further study 
and/or pursue a professional career in science. 
Hence, an appreciation of chemical transducers is 
perhaps the broadest and most lasting contribution 
that analytical chemistry plays in undergraduate 
education in the U.S. 

Analytical chemistry also plays an important 
role in Bachelor of Science and Bachelor of Arts 
undergraduate degree programs undertaken by 
students aiming at careers in the health sciences 
(medicine, dentistry, pharmacy, nursing, public 
health). Individuals in health science and health care 
professions frequently need to seek or use research 

or clinical diagnostic information derived from 
analytical chemical experiments and tests. An 
appreciation, even if only in general terms, of the 
basis and limitations of such tests, is critical in the use 
of the scientific approach needed in many elements of 
the heafth science and health care professions. 
An understanding of chemical transducers, and 
particularly of their limitations, could plausibly be a 
component of Bachelor of Engineering curricula, but 
with the exception of Chemical Engineering this is 
seldom the case. 

The principal thrust of this article will be the 
history of the analytical chemisty component of 
the modern B.S. chemistry curriculum offered in the 
U.S. to those students planning professional careers 
in chemistry. A historical perspective often yields 
a better understanding of the present; since the 
elements of older approaches to chemical education 
are usually strongly filtered by events of subsequent 
years, the most essential tenets are those that survive. 
I will begin my “history” in the 195Os, since this was 
the beginning both of a period of great change in 
analyti~l chemistry, and of my own professional 
exposure to analytical chemistry. 

Any article on chemical education, especially one 
with a historical intent, must come with caveats. The 
most important here is that there is considerable (for 
better or worse) diversity in the U.S. undergraduate 
educational system. B.S. chemistry degrees are 
offered by four-year colleges where the faculty, and 
hence also the students, often have little if any 
research involvement, and by large universities where 
the faculty are deeply committed to chemical research 
and where undergraduates meet graduate students 
who serve as teachers as well as role models. There 
is a continuum of institutions between these extreme 
types. Because of this diversity, I will inevitably but 
unintentionally miss elements of analytical chemistry 
as taught in some institutions. My second caveat is 
that, to avoid an entirely anecdotal approach, I will 
engage in a “textbook archaeoIogy”, using the con- 
tents of textbooks in analytical chemistry published 
at different points in time, to document various 
points of emphasis in analytical chemistry as they 
were taught on a national scale. Of course many 
professors, including probably the pioneer teachers, 
choose to use their own notes for their lectures rather 
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Table 1. Synopsis of contents of selected analytical chemistry textbooks for beginning courses 

I. M. Kolthoff and E. B. Sandell, Quanritafive inorganic Analysis? 3rd Ed 
Gravimetric analysis (392 pp): mass action laws, solubihty, separations, formation of precipitates, theory of electro- 

analysis, detailed examples 
Volumetric analysis (197 pp): principles and applications of acid-base, precipitation, complexation, and reduction- 

oxidation reactions and titrations, electrometric titrations 
Physicochemical methods (54 pp): calorimetry, spectrophotometry 

R. B. Fischer and D. G. Peters, Quantitative Chemical Analysis3 
Analytical data (38 pp): precision, accuracy, statistics 
Chemical equilibria (59 pp): kinetic and the~~~amic concepts, calculations 
Precipitation analysis (Sl pp): nucleation, growth, purity, homogeneous solution precipitation 
Separations (44 pp): extraction, chromatography 
Titrations (201 pp): acid-base, precipitation, complexation 
Redox principles (161 pp): electrochemical cells, redox reactions and titrations, indicators 
Radiant energy methods (81 pp): electromagnetic radiation, absorption and its laws, instruments 
El~tr~herni~ methods (137 pp): potentiome~y, pH, ~tentiometrie titrations, eonductometry, electrolysis cells, 

coulometry, polarography 
D. A. Skoog and D. M. West, Fundamentals of Analytical Chemistry,’ 4th Ed. 

Analytical data (51 pp): precision, accuracy, errors 
Gravimetric analysis (65 pp): properties of precipitates, solubility, separations 
Titrimetric analysis (198 pp): precipitation, acid-base, complexometric, redox reactions, equilibria, and titrations 
Potentiometric methods (SO pp): el~tr~he~cal cells, titrations, reference and indicator electrodes 
Other electroanalytical methods (44 pp): current flow, electrogravimetry, coulometry, polarography 
Spectroscopy (119 pp): electromagnetic radiation, absorption laws and instruments, atomic absorption and emission, 

molecular absorption 
Separations (61 pp): precipitation, extraction, distillation, chromatography 

than the available textbooks, and in any case, most as chemical transducers in instruments, the advanced 
would teach selected sections, not the whole, of any course was moved to the senior (fourth) year to be 
given textbook in a course. However, I have found taught (at first, in the 1960s) in parallel with or (more 
little discord between my own recollections and im- commonly today) following physical chemistry. The 
pressions of what analytical chemistry was generally more advanced material was at first termed “physico- 
taught in the past and my excursion into textbook chemical analysis”, and later “instrumental analysis”; 
archaeology. the latter name continues to be common today. 

Stating what analytical chemistry was (and is) 
taught to the chemistry undergraduate would be 
incomplete without an understanding of the forces 
and events shaping the curricular content. A second 
element of this article will thus be to consider some 
of these influential factors and their action on the 
past, present and future of analytical chemistry teach- 
ing in the U.S. 

HISTORICAL CONTENT OF UNDERGRADUATE 
ANALYTICAL CHEMISTRY COURSES, 

FROM THE 1MOs 

The typical chemistry curriculum, from the 1950s 
to today, has contained an “introductory” and an 
“advanced” course.* In the early 1950s these two 
courses were commonly presented in sequence, in the 
sophomore (second) year. As more (and more soph- 
isticated) chemical phenomena came to be exploited 

Many variations of this two-course pattern have 
been offered. Examples include a sophomore level 
intermediate course with an advanced conrse in the 
senior year (common in the 1950s and 196Os), an 
introductory course as the laboratory (practical 
course) for freshman (general, first year) chemistry, 
combination of advanced analytical chemistry with 
physical chemistry courses (especially in the 
laboratories), and presenting the introductory and 
advanced courses as elementary instrumental analysis 
in the sophomore year (done at my institution 
through the 1970s and early 1980s). The diversity 
of educational approaches that can be found in- 
cludes important innovations in teaching analytical 
chemistry, but regrettably sometimes simply reflects a 
particular institution’s faculty disinterest in analytical 
chemistry. 

*In U.S. colleges and universities, there is no universal 
standard for the duration of a “course”. A typical 
undergraduate year would be two semesters of in- 
struction, starting in September and ending in May, 
with 30-36 credit hours of courses distributed among 
the chemistry, mathematics, english, history, etc., re- 
quirements for the degree sought. A typical 4-S credit 
hour analytical chemistry semester course would include 
13 weeks of instruction (three l-hour lectures and 4-6 
hours in the laboratory) and a t-week final examination 
period. 

The content of “introductory analytical chemistry” 
courses in the 1950s 1960s and 1980s is exemplified 
by summaries (Table I) of the contents of textbooks 
of those vintages. The textbook by Kolthoff and 
Sandell is notable on account of the dedication of the 
Honor Issue of Talanta and for its widespread use 
before instrumental methods came into great im- 
portance. The Kolthoff and Sandell texts were 
influential in the 1930-1950 period by presenting the 
basic chemical reactivity and physical aspects under- 
lying titrimetric and gravimetric analysis, instead of 
empirically discussing the technique and procedures 
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for quantitative analysis. Gravimetric and titrimetric 
analyses were the dominant topics of both banning 
and advanced courses before the 1950-1960 period. 

The two post-1960s texts in Table 1 show that 
elementary aspects of spectrophotometry, sepa- 
rations, and electrochemistry became incorporated 
into teaching materials used for beginning courses in 
analytical chemistry, mainly at the expense of time 
devoted to gravimetric analysis. From the text 
pagination it would appear that the emphasis on 
titrimetric topics has remained relatively unchanged 
over a 40-year time span, but this is misleading 
since the more modern texts have increasingly 
incorporated basic explanatory material into the 
titrimetric sections, including quantitative treatments 
of chemical equilibria, modern chemical viewpoints 
of reactivity (pa~icularly co-ordination chemistry 
and nonaqueous acid-base chemistry), and use 
of electrode potentials (redox potentiometry, glass 
electrodes) as transducers to detect titration end- 
points. In fact, I see the emphasis on titrimetric 
material in modern introducto~ texts as having 
shifted from the use of titration as a means of 
chemical analysis to use of titration reactions and 
end-point detection to illustrate the fundamentals 
of phenomena and transducers such as equilibria, 
s~ctrophotomet~, coordination chemistry and 
electr~hemistry. 

The really big change in undergraduate analytical 
chemistry occurred in the 1950s and early 1960s 
(depending on the institution), with the appearance 
of a wave of new chemical transducers and the 
instruments into which they were incorporated. Some 
new textbooks appearing in this period continued the 
trend of the Kolthoff and Sandell texts by adopting 
a very basic physicochemical approach to gravimetric 
and titrimetric analysis, as in the Laitinen text 
(Table 2). Others, such as the Delahay and Ewing 
texts (Table 2) and that by Willard, Merritt and 
Dean,’ focused on the wave of chemical transducers 
and adopted a course plan for the advanced course 
that contained no further gravimetric or titrimetric 
material but was entirely devoted to instrumental 
forms of analysis. The latter format for the advanced 
course has become the more widely adopted, and has 
in my opinion both reflected and promulgated the 
enormous transformation in analytical chemistry in 
the U.S. that continues today. I refer to the attention, 
both in the frontiers of research in analytical 
chemistry and in the typical senior level instrumental 
analysis course, to understanding and teaching the 
fundamental principles behind chemical transducers 
and not just their exploitation to produce a chemical 
measurement. This has been a characteristic that, I 
believe, has given teaching and research in analytical 
chemistry in the U.S. its leadership role in the world. 

Study of the textbooks in Table 2 reveals useful 
insights into how the advanced course in analytical 
chemistry has changed since the emphasis on 
instrumental analysis began in the 1950s. The 

material devoted to spectroscopy of various kinds 
has expanded at a steady pace, not su~~singly in 
view of the considerable advances that have been 
made in the electronic absorption and emission 
phenomena, both molecular and atomic, that can 
be related to quantities of chemical materials. 
Structurally sensitive techniques such as NMR, 
ESR, infrared and Raman spectrometry are also 
represented in the advanced teaching materials but 
the emphasis, in analytical chemistry textbooks, on 
determining chemical structures has been much 
less than that on dete~ining chemical quantities. 
Chemical structure dete~ination has not been 
wholeheartedly adopted by U.S. analytical chemists 
as a province of analytical chemical education, partly 
of course because it is also a significant part and need 
of organic and inorganic chemistry. In fact, where 
in the chemistry curriculum, and to what depth, 
methods for chemical structure determination are 
taught, varies a great deal among U.S. colleges and 
universities today. 

Chemical separations are another area where great 
changes have occurred in methodology, in trans- 
ducers available as detectors, and in the chemical 
materials that have been devised for the differential 
chemical and physical interactions that produce sep- 
arations. The texts in Table 2 show a corresponding 
increase in the amount of descriptive material dealing 
with separations, especially the chromatographic 
methods. Certainly the chemical basis of partition 
and adsorption chromatography has become quite 
broad, and the power of chromatographic separ- 
ations has had an enormous impact on chemistry as 
a whole. If anything, then, it is surprising that the 
attention given to separation chemistry and methods 
in modern texts has not grown more than it has. 

Electrochemical topics, in terms of the basic con- 
cepts of electrode potentials and the time-dependence 
of electrolysis currents, were already well established 
by the mid-1960s, so the principles presented in 
modern texts, with the addition of those of the pulse 
polarography methods, are not greatly different from 
those found in the I960 Delahay text. The number of 
pages typically devoted to electrochemical topics 
likewise has not changed greatly since then. The areas 
of great recent growth in electrochemistry, including 
exploration of electron-transfer reactions, the chem- 
ical modification of surfaces, el~tr~atalysis, and 
applications to bioanalytical chemistry, have not yet 
found their way into the instrumental analysis texts, 
but undoubtedly will over time. 

The Ewing text (Table 2) represents the intro- 
duction of elementary electronics into undergraduate 
chemistry material, which has now become an im- 
portant part of many advanced courses in analytical 
chemistry. The more recent texts furthermore contain 
sections dealing with automation in chemical analy- 
sis. These items in the texts reflect the realization, 
or more properly the opinion, that the analytical 
chemists of tomorrow will play a role in the design of 
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chemical instruments for analysis, and that the under- 
graduate should appreciate the electronics principles 
behind the control of a chemical transducer and the 
readout of chemical information from it. This has 
been a very difficult goal to achieve for our students, 
because of the great speed with which analog 
electronics changed in the 1950s and 1960s and digital 
electronics in the 1970s and 1980s. An unresolved 
issue among analytical chemists is whether it is any 
longer practical to attempt to educate chemistry 

students in the electronics of chemical instrumen- 
tation, given the need for lecture time devoted to 
understanding the basics of how chemical transducers 
work to reveal chemical quantity and structure. 

It is apparent, in comparing instrumental analysis 
textbooks of today with the earlier ones, that both 
the level of sophistication and the quantity (in 
pagination) of material available to the teacher of an 
advanced analytical chemistry course has grown 
enormously. It is not clear to me whether this 

Table 2. Synopsis of contents of selected analytical chemistry textbooks for advanced courses 

P. Delahay, Instrumental Analysis’ 
Electrochemical potentials (53 pp): cells, Nernst equation, reduction-oxidation reactions, reference electrodes, voltage 

measurements, potentiometry, pH, titrations using acid-base, precipitation, complexometric, redox reactions 
Polarography, voltammetry, electrolysis (79 pp): mass transfer, reversible and irreversible reactions, dropping mercury 

and rotated electrodes, voltammetric titrations, electrogravimetry, electrolysis at controlled potential, coulometry 
Conductometry and high frequency methods (18 pp) 
Emission spectroscopy (34 pp): spectrographs, sources, flames, qualitative and quantitative analysis 
Spectrometry (55 pp): absorption and laws, spectrophotometers, fluorometers, infrared, fluorescence, turbidimetry 
Raman spectroscopy (10 pp) 
X-Ray methods (21 pp): emission and absorption 
Mass spectrometry (15 pp) 
Nuclear methods (31 pp): decay counting, activation analysis 

G. W. Ewing, Instrumental Methods of Chemical Analysis,6 2nd Ed. 
Spectroscopy (228 pp): UV, visible, and IR absorption, fluorescence, emission, and flame spectroscopy, X-rays, 

polarimetry, refractivity 
Electrochemistry (120 pp): potentiometry, polarography, voltammetry, electrodeposition, coulometry, conductivity 
Radioactivity (26 pp) 
Mass spectrometry (24 pp) 
NMR (16 PP) 
Separations (77 pp): extraction, chromatography 
Thermal methods (16 pp) 
Electronic circuitry (44 pp) 

H. A. Laitinen, Chemical Analysis,’ 
Chemical equilibria (17 pp): activity, Debye-Hiickel 
Acids and bases (85 pp): aqueous reactions, pH, equilibria calculations, buffers, indicators, non-aqueous reactions, 

titrations 
Precipitation (111 pp): solubility, complexing agents, formation, nucleation, growth, aging. colloids, electrical double 

layer, contamination, thermal decomposition, titrations 
Complex formation titrations (26 pp) 
Organic reagents for precipitation, extraction (29 pp) 
Electrochemical potentials, separations (50 pp): cells, Nernst equation, equilibrium constants, complexation, irreversible 

reactions, electrolysis 
Oxidation-reduction reactions (126 pp): titration curve theory, indicators, reagents-permanganate, cerium (IV), iodine, 

oxyhalogen compounds 
Reaction rates in chemical analysis (20 pp) 
Separation methods (65 pp): distillation, extraction, chromatography 
Statistics in analysis (42 pp): errors, normal law of error, tests, regression analysis 

D. A. Skoog, Principles of Instrumental Analysis,’ 3rd Ed. 
Electronic circuitry (60 pp): semiconductors, operational amplifiers, microcomputers, microprocessors 
Spectroscopy (412 pp): instrumentation, molecular and atomic absorption and emission spectroscopy, IR and Raman, 

NMR, X-ray and electron spectroscopy 
Electrochemistry (146 pp): potentiometry, coulometry, vohammetry, polarography, conductance 
Radiochemical methods (21 pp) 
Mass spectrometry (44 pp) 
Thermal methods (14 pp) 
Separations (124 pp): principles of, gas, liquid, planar chromatography 
Automated analysis (29 pp) 

G. D. Christian and J. E. O’Reilly (eds.), Instrumental Analysis,” 2nd Ed. 
Electrochemistry (144 pp): potentiometry, voltammetry, polarography, coulometry, conductance 
Spectroscopy (332 pp): molecular UV, visible, IR, Raman, fluorescence, phosphorescence spectroscopy, atomic 

absorption, emission, fluorescence spectrometry. NMR, ESR, X-ray and electron spectroscopy 
Mass spectrometry (47 pp) 
Thermal methods (37 pp) 
Kinetic methods (34 pp) 
Separations (127 pp): extraction, liquid and gas chromatography 
Electronics (88 pp): analog circuitry, digital electronics, microcomputers 
Automated analysis (41 pp) 
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broadening scope of topics in senior level instru- 
mental analysis courses is uniformly utilized by those 
who teach such courses; probably it is not. It is, of 
course, an advantage for the teacher to have ample 
material to choose from. At the same time, the 
increase in the length of instrumental analysis text- 
books is not as unrealistic as it might at first seem, 
since as our understanding of various spectroscopic, 
separational, and electrochemical topics improves 
through research in these fields, our ability to explain 
the basics of these subjects in texts to student 
neophytes in a ~dago~cally effective way also 
improves. This pedagogical improvement is in fact 
reflected in most modern textbooks in instrumental 
analysis, and we can teach our students more per unit 
time as a result. Nonetheless, I believe most analytical 
chemistry professors would agree that the present 
undergraduate instrumental analysis, courses are 
bursting at the seams with information about an 
expanded world of chemical transducers and the 
instruments within which they function. 

FACTORS INFLUENTIAL IN ANALYTICAL TEACHING 

What are the factors and forces that mold an 
educational curriculum over time? A historical review 
of the teaching of analytical chemistry is incomplete 
without considering what these have been, and are. 
Certainly the most influential factors are (a) the 
analytical chemistry professors, especially their pre- 
vious training, and attitude toward research, and (b) 
the existence of a vigorous research community in 
analytical chemistry that enhances the intellectual 
content of the discipline by inquiring into new means 
of chemical measurement and the fundamentals on 
which such measurements can be based. In the 
195Os, a vigorous research community did exist in 
analytical chemistry, and indeed its frontiers were in 
a ferment of change. In a companion article in this 
issue, Herbert Laitinen describes the course of ana- 
lytical chemistry research, especially the surge of new 
work published after the second World War. Many 
of these new developments involved chemical trans- 
ducers (in the sense used here) and formed the basis 
for what we now call “instrumental analysis”. It 
remained then for the professors of the 1950s and 
1960s to distill such research developments and teach 
them to undergraduate students, and this process 
resulted in the advanced course in instrumental 
analysis discussed above. 

In a lecture at the 1965 National American Chem- 
ical Society meeting, on the occasion of his receiving 
the Division of Analytical Chemistry Fisher Award, 
my late colleague Charles N. Reilley observed that 
analytical chemistry professors should teach their 
students about the areas of current research in 
analytical chemistry. (“Analytical chemistry is what 
analytical chemists do.“) Some of today’s students 
will be tomorrow’s scholars of our discipline, and 
they should have the benefits of the current scholars’ 

thinking about emerging fundamentals and the 
opportunities for new chemical measurements. Many 
other professors shared this outlook on analytical 
chemistry education with Professor Reilley, and this 
attitude on the part of the pubIishing scholars of 
analytical chemistry in the 1950s and 1960s played 
an important role in creating and sustaining the 
instrumental analysis course. The emerging results of 
current research continue to be reflected in the 
content of instrumental analysis courses, through 
choices by individual professors and eventually by 
authors in their textbooks as shown by the samples 
in Table 2. This combined effect, the willingness of 
analytical chemistry professors to incorporate new 
topics into analytical chemistry as they are created 
by research, and the existence of a fundamentally 
oriented, vigorous research community in analytical 
chemistry, was undoubtedly the most important 
factor in the evolution of the instrumental analysis 
course from an advanced gravimetric-titrimetric 
analysis course. Indeed, this is a process that is 
fundamental in the evolution of chemistry as a whole. 

The authors of textbooks, by their choice of 
topics and especially by the blend of basic and 
applied material chosen for presentation, also have a 
great influence in analytical teaching, particularly 
outside the research centers of analytical chemistry. 
Sometimes the time lapse between the appearance of 
new chemical transducer concepts in the research 
literature and their appearance in textbooks seems 
too long. For example, many new analytical methods 
such as microprobe analysis by electron and particle 
spectroscopy, chemically modified electrodes, single 
atom or molecular characterization by scanning tun- 
nelling microscopy, and fiber optic formats for ana- 
lytical spectroscopy, are not adequately represented 
in texts today, and it is time that authors should 
decide to include them. On the whole, however, the 
discipline of analytical chemistry has been well served 
by those who prepare texts for instrumental analysis 
courses. 

Teaching of the elementary aspects of spectro- 
photometry, electr~hemistry, and separation 
methods, as noted above, shifted fairly rapidly into 
the introductory level analytical chemistry course as 
the advanced course took on an instrumental analysis 
orientation. Though this occurred as early as the 
196Os, there has since been only slow change in the 
amount of such modem material taught in the intro- 
ductory course. This is in contrast to the enormous 
changes and advances that have been introduced by 
research in chemical transducers, and consequently in 
the instrumental analysis course itself. This naturally 
evokes the question: is the content of the current 
introductory analytical course “optimum” with re- 
spect both to pedagogy and to other elements of the 
chemistry curriculum, or is it in fact “non-optimum”, 
with desired changes impeded by competing or 
conflicting factors? I believe it likely that the latter 
has been the case for some time. I believe it is a 
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pedagogically correct step, and one consistent with 
the real needs of the student of chemistry, to further 
enhance the emphasis on instrumental analysis in the 
introductory level analytical course. Certainly we 
understand enough about chemical transducers to 
teach the basic features and uses of many more of 
them than are discussed in most current introductory 
courses and texts. Certainly the ensuing laboratory 
courses (practical courses) in organic, inorganic, 
and physical chemistry would profit from greater 
familiarity of their students with chemical measure- 
ment science. And certainly the level of sophistication 
possible in the advanced analytical chemistry course 
could be enhanced. I am admittedly influenced in this 
point of view by the demonstrated success of our 
program at the University of North Carolina in 
teaching an introductory levei instrumental analysis 
course in the second year of the cur~culum, folio~ng 
some titrimetric analysis experiences in the general 
chemistry laboratory. 

Three factors seem obvious retardants to a move of 
more chemical transducer teaching materials to the 
sophomore level introductory course. They are the 
equipment needs of the associated laboratory course, 
the content of the preceding course in general chem- 
istry, and the problem of what to remove from the 
introductory course to make room for more serious 
attention to chemical transducers. None of these 
factors is trivial. 

The cost, complexity, and reliability of the equip- 
ment required for analytical chemistry laboratory 
courses that deal with the applications of chemical 
transducers are important practical factors that 
affects what analytical chemistry is taught to the 
undergraduate chemistry student in both lecture and 
laboratory. Typicahy the institutional budget for 
equipment for undergraduate laboratory courses is 
meager (albeit highly variable from institution to 
institution), and also has to satisfy the competing 
needs of other laboratory courses in the curriculum. 
Because the introductory analytical course usually 
has a targe student population and the young stu- 
dents are less able to effectively use (and not abuse) 
complex instruments, the content of this course is 
quite sensitive to the cost and complexity of available 
instruments. I believe this is a major reason why 
progress in introducing into the introductory course 
laboratory analytical experiments that are based on 
electronic instruments has been relatively slow over 
the years. The progress that has been made may have 
depended as much on the availability of inexpensive 
“teaching equipment” as on institutional choices. 
The emergence of commercial vendors who aim at 
this market has had a salutary effect in many 
instances and probably on chemical education in 
general. Readable textbooks on electronics for 
chemists” and modular laboratory instruments such 
as those designed at the University of Illinois by 
Malmstadt and co-workers played significant roles in 
early commercialization of “teaching equipment”. 

Also, advances in materials have been important; 
the capacity to fabricate, at lower cost, diode- 
array detectors, replica gratings for spectrometers, 
polymers for ion-exchange and gel-permeation 
chromatography, finely divided particles for high- 
resolution liquid chromatography, and glassy carbon 
and special glasses for electrodes has served to make 
many analytical instruments of moderate cost and 
complexity available for undergraduate instruction. 
Nonetheless, if the content of an introductory level 
analytical course is dictated by financial consider- 
ations, then further evolution of the course may rest 
as much on the priorities of the college or university 
faculty in expenditure as on the intellectual progress 
in the field or the contents of textbooks. 

The general chemistry course content should, in 
principle, introduce the student to the basic ideas of 
chemistry and provide a foundation for subsequent 
courses in chemistry. The typical genera1 chemistry 
course of today gives the student a good education in 
the important physical principles of chemistry, but 
all too often a course is less effective in introducing 
the student to chemical reactivity, equilibrium, and 
structure. Students can leave a general chemistry 
course without knowing the structure of a sulfate ion 
and why that ion is a weaker base than, say, acetate. 
In this context it has to be recognized that the 
introductory level analytical chemistry course must 
teach its students, at least to some extent, the essential 
background chemistry of many chemicals that appear 
as reagents, components of illustrative chemical 
equilibria, spectrophotometric chromophores, redox 
ions in electrochemical cells, liquid phases in gas 
chromatographic columns, etc. This is necessarily 
done empirically rather than by systematic develop- 
ment of a chemical background, and even then 
requires a signifi~nt portion of the course’s lecture 
time. Thus, changes in the content of the introductory 
analytical course require careful consideration of the 
consequences of developing the necessary chemical 
background to discussion of a newly introduced 
chemical transducer. The message here is clearly that 
enhancing the chemical content of general chemistry 
enhances the use of chemical transducer material in 
the subsequent analytical course. 

Finally, increasing the chemical transducer com- 
ponent of the introductory level analytical course 
obviously changes the extent to which other material 
is taught. I believe this is a less serious problem than 
it might at first seem. Aspects of titrimetric reactions 
in chemistry continue to be important elements of 
a chemist’s education, but as the trend has been 
to teach these as a vehicle for instruction in other 
basic concepts, they can obviously include the use of 
additional chemical transducers for equivalence- 
point detection. 

I should not end this discussion of influential 
factors without mentioning the important role of the 
American Chemical Society in chemical education in 
the U.S. Through the Committee on Professional 
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Training (CPT), the ACS establishes requirements for 
the components of a professional degree program in 
chemistry. This committee consists of chemical edu- 
cators from all branches of chemistry, and as such 
serves also to ensure that undergraduate chemists are 
educated broadly and that attention is given to 
emerging aspects of chemistry. The national move 
toward establishment of the instrumental analysis 
course as an upper level course (with adequate phys- 
ical chemistry courses as support) was greatly aided 
by inclusion of the course in the CPT guidelines in the 
1960s. Today, chemistry as a discipline is changing 
in ways that make inclusion of more biological 
chemistry and materials chemistry a probable com- 
ponent of CPT guidelines of the future. Those who 
believe in the importance of the introductory and 
instrumental analysis courses in analytical chemistry 
in an undergraduate chemist’s education must be 
prepared to both defend and mold these courses in 
the future, to accommodate the needs of teaching our 
students about other important new directions of 
chemical science. 
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Summary-The theory of nonlinear chromatography has been advanced by the incorporation of recent 
results obtained by the theory of partial differential equations. The system of equations of the ideal model 
has been solved analytically in the case of a single component for which the equilibrium isotherm between 
the mobile and the stationary phases is given by a Langmuir equation. A series of computer programs 
has been written which permits the calculation of numerical solutions of the semi-ideal model. The 
properties of the solutions obtained are described and discussed for a one-component system (profile of 
high concentration bands of a pure compound eluted by a pure solvent), severai two-component systems 
(elution of a pure compound band by a binary mobile phase, separation of a binary mixture eluted by 
a pure mobile phase), and three-component systems (separation of a binary mixture eluted by a binary 
solvent, displacement and separation of a binary mixture). Experimental results are reported which 
validate the conclusions derived from the numerical integration of the model. The conclusions of the work 
apply to all high-~rfo~ance chromatographic procedures, i.e., to those where the kinetics of mass 
transfer are fast enough for the mobile and stationary phases always to be near equilibrium. More 
specifically, the contribution from the kinetics of the retention mechanism to the mass transfer resistance 
must itself be negligible. This clearly excludes affinity chromatography. 

The rapid development of preparative liquid chro- 
matography during recent years has been spurred by 
the needs of the pharmaceutical and biotechnological 
industries, which require powerful separation pro- 
cesses for the extraction and purification of the drug 
intermediates prepared by organic synthesis and the 
products generated by cloned microorganisms. Com- 
pared to classical procedures for the development of 
analytical methods in chromatography, preparative 
chromatographic procedures require a completely 
different approach, and considerable changes in im- 
plementation. Analytical chromatography aims at 
collecting info~ation regarding the composition of 
a mixture. The goal of preparative chromatography 
is the production of significant amounts of pure 
compounds. The ways of handling material and 
information differ greatly. 

A minimum degree of resolution between two 
bands is required in order for the analyst to be able 
to collect the info~ation desired regarding the peaks 
of the components of the analyte (peak retention 
times and areas). The deconvolution of complex 
chromatograms has never been very successful in 
quantitative chromatography.’ In contrast, it is possi- 
ble to collect large amounts of highly pure com- 
pounds from poorly resolved band systems, and to do 
so with a good yield. It s&ices to discard the 
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inte~ediate fractions which contain undesired mix- 
tures. 

While in analytical applications of chro- 
matography the emphasis is on analysis time and 
resolution, in preparative applications it should be on 
production rate and purity of the collected fractions. 
Throughput is a means to achieve a high production 
rate but should not serve as a basis for comparison 
between procedures or separation schemes. The 
production rate is maximum for some intermediate 
value of the throughput. At larger throughputs, the 
production rate decreases because the degree of 
separation between the bands becomes poor and the 
yield drops faster than the throughput increases. 
On the other hand, at low values of the throughput, 
the resolution between bands and the yield are good, 
and the yield decreases slowly with increasing 
throughputs. 

Optimization of the experimental conditions under 
which a separation or purification is performed can- 
not be made without a clear understanding of the 
phenomena which take place during the migration of 
a high concentration band in a chromatographic 
column. The mechanisms of band broadening and 
band separation must be elucidated. The knowledge 
gained through years of research and development of 
analytical chromatography cannot be extrapolated, 
because of a major difference: while analyses are done 
with small sample sizes, with which the retention 
times and band profiles are independent of the 
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composition of the sample, preparative separations 
must be run with large sample sizes, for which this is 
no longer true. Extremely sensitive detectors are 
available which in most cases give all the information 
required about the sample composition without 
requiring the use of large sample sizes. Thus, the 
concentration of all the sample components can be 
kept low enough for their retention times to depend 
only on the slope of their equilibrium isotherms 
between the mobile and stationary phases, and be 
independent of the composition of the sample. 

These conditions are not valid in the case of 
preparative chromatography, where large sample 
sizes are employed, the bands become unsymmetrical, 
the retention times at the band concentration maxi- 
mum and the band widths depend on the amount of 
sample, on the concentration of the corresponding 
compound in the mixture and on the concentration 
of the compounds eluted in bands adjacent to the 
band under study. Chromatography has become 
nonlinear and the influence of thermodynamics and 
kinetics on the band position and width can no longer 
be studied separately. 

Besides the elution profiles of high con~ntration 
bands and their progressive separation during their 
migration along the column, the theory of non- 
linear chromatography should explain a number of 
phenomena which are all related to the non- 
proportionality between the concentrations of each 
solute at equilibrium in the stationary and the 
mobile phases, for example, the influence of the 
concentration of a strong sotvent (i.e., the “organic 
modifier”) on the elution profiles of large bands, the 
behavior of high concentration bands in gradient 
elution, or the chromatograms obtained in frontal 
analysis or in displacement chromatography. 

The aim of this paper is to summa~ze the results 
of our recent work on the mechanism of band 
spreading and band separation under conditions 
where the concentrations are high, the molecules of 
several compounds compete for sorption by the 
stationary phase, and the equilibrium isotherms are 
not linear. The proper adjustment of the transient 
conditions at the column inlet permits the study of all 
the methods and phenomena just described. 

THEORY 

The fundamental problem of nonlinear chro- 
matography has been formulated by Wilson’ who 
also suggested the use of the ideal model, assuming 
that the column efficiency is infinite, as a first 
approach to its solution. Shortly thereafter, some of 
the most important consequences of the ideal model, 
i.e., the eventual appearance of concentration discon- 
tinuities in the elution profile of a band, no matter 
how smooth the injection profile is, were pointed out 
by DeVault’ and Glueckauf$$ and later Guiochon 
and Jacob,6 Pumell and Conder,’ Valentin et al.,” and 
Rhee et aL9.” studied the properties of the equation 

resulting from the ideal model, while Lapidus and 
Amundson” formulated the most general model for 
chromatography. 

The ~ass-~a~~~e equations of e~ro~~tograp~y 

The mass balance of a compound in a slice of the 
chromatographic column may be written: 

Cm dC, WG,,) = D d=G 
x+Fdr+- - 

dz dz2 (1) 

where C, and C, are the concentrations of the studied 
compound at time t and abscissa z, in the mobile and 
stationary phase respectively, u is the mobile phase 
velocity, F is the phase ratio, (1 - E)/E, where c is the 
total column porosity, and D is the coefficient of axial 
dispersion, i.e., D accounts for band spreading by 
axial molecular diffusion in the tortuous packing and 
by eddy diffusion (lack of radial homogeneity of the 
mobile-phase flow pattern). 

In liquid chromatography the mobile phase density 
is constant along the column, as the compressibility 
is negligible,i2 and the partial molar volumes of the 
solute in the mobile and stationary phases are nearly 
the same. There is no sorption effect. The mobile 
phase velocity may be regarded as constant in equa- 
tion (1) and there is no need for a mobile phase 
mass-balance equation, as long as the mobile phase 
is pure and we can assume that it is not adsorbed.13 

An equation such as equation (I) must be written 
for each system component, i.e., for each component 
of the sample and of the mobile phase (if that is not 
a pure solvent). In many cases, the mobile phase in 
liquid chromatography is a mixture of a “weak” 
solvent (e.g., water in H,O/CH,OH or H20/CH3CN 
mixtures used in reversed-phase or ion-pair HPLC, 
dichloromethane in a CH,Cl,/CH,OH mixture used 
in normal phase HPLC), a “strong”’ solvent or 
organic modifier (e.g., CH,OH or CH,CN in the 
previous examples) and additives (e.g., sodium and 
alkylsulfate, or chloride and tetraalkylammonium, 
ions in ion-pair HPLC, or the buffer ions in reversed 
phase or ion-exchange HPLC). A mass-balance equa- 
tion for all these compounds is required if we want 
an accurate solution. There are two exceptions. First, 
the mass-balance equation for the weak solvent may 
be omitted, which in the definition of the adsorption 
isotherms forces adoption of the convention that the 
solvent is not adsorbed. i3 Second, if the organic 
modifier or some additives are much less strongly 
retained than the components of interest, when in 
solution in the pure weak solvent, their mass-balance 
equation may also be omitted.14 

The system of non-linear partial differential equa- 
tions consisting of a mass-balance equation for each 
component of the sample and of the mobile phase 
(minus the weak solvent) and of the appropriate 
relationships between the concentrations C,,,,) of the 
components in the mobile phase and their concen- 
trations in the stationary phase, Cs.,, constitutes 
the fundamental system of equations of chro- 
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matography. There are two approaches to the 
solution of this system, either the use of the relevant 
kinetics equations, or the assumption that the 
compositions of the stationary phase and the mobile 
phase are such that they are always very close to 
equilibrium. 

Relationship between the concentrations of a species in 
the two phases of a chromatogra~hic system 

The exact general solution of the chromatographic 
problem would require that the system of mass- 
balance equations just discussed be completed by a 
set of equations describing the kinetics of mass 
transfer between the phases, i.e., relating the rate of 
change of the concentration in the stationary phase 
to the values of the actual concentrations in the 
mobile and stationary phases. The first attempt at 
solving this problem was made by Lapidus and 
Amundson” who wrote, for one component, i: 

dC 
5.1 = Ki (C$ - C,.,) 

dt 
(2) 

where K! is a kinetic constant, and C$ is the equi- 
librium concentration of the compound i. 

In the case of a single component, eluted by a pure 
mobile phase, an analytical solution of a system of 
partial differential equations made from equation (1) 
(with D = 0) and a kinetic equation similar to (2) has 
been derived by Thomas” for the Riemann problem 
(frontal analysis). This solution has been recently 
improved by Wade et al.‘” and extended to the 
solution of the impulse problem (elution). The solu- 
tion is very complex to derive, however, and necessi- 
tates the use of the Thomas transform and of a 
two-dimensional Laplace transform. It does not seem 
possible to extend it to a multicomponent system. 
Furthermore, its practical use for the optimization of 
experimental conditions in preparative liquid chro- 
matography would require prior knowledge or deter- 
mination of the rate constants, a rather impractical 
requirement. 

Accordingly, we have preferred the alternative 
approach, which assumes that the two phases of 
the chromatographic system are always very close 
to thermodynamic equilibrium. Thus, there is a 
relationship between the concentrations, in both 
phases, of each component of the system. This 
relationship, given by solution thermodynamics, is 
the equilibrium isotherm: 

CS.i =f (Gn.i? Cm.,) (3) 

Giddings” and later Haarhoff and van der Linden 
have shown that if the column is efficient enough (in 
practice, if its efficiency is more than a few hundred 
plates, which is low by current standards), and if the 
mass transfer follows first-order kinetics, it is possible 
to simplify greatly the fundamental system of equa- 
tions of chromatography [equations (1) and (2)]. 
They have shown that under those conditions, the 
solution of this system is the same as the solution of 

a system of equations made from equation (3) (the 
isotherm) and a mass-balance equation similar to 
equation (I), but where the axial diffusion coefficient 
is replaced by an apparent diffusion coefIicient related 
to the column HETP, H: 

dG dG dW”,,J = D d’c,,, 
z+Fx+- 

dz adZ2 (4) 

where 

D 
HL 

*=:-- A. 

L being the column length, and t,, the dead time of the 
column. 

Unfortunately, it is not possible to derive an 
analytical solution of this new system, and a 
computer program which would permit the direct 
calculation of numerical solutions has not been 
written yet. The theory of nonlinear partial 
differential equations offers very little help in this 
matter. Most theoretical work during the last forty 
years has concentrated on the simpler ideal model, 
which assumes constant equilib~um between both 
phases, and that axial diffusion is negligible, i.e., that 
the column efficiency is infinite. Equation (1) then 
becomes 

where k’ is the differential, dC,,i/dC,,,i of the isotherm 
[see equation (3)] and a0 is the linear mobile-phase 
velocity. 

One of the important features of equation (6) is 
that a velocity u, is associated with each value of the 
concentration. This velocity is given by 

a0 
% = l+ 

where k’ is the value of the differential of the 
isotherm at the corresponding concentration, C. 

It should be re-emphasized at this stage that the 
equilibrium concentration of a compound i in the 
stationary phase is a function of the concentrations 
of all the components of the mobile phase. There are, 
unfortunately, few good theoretical models to relate 
these concentrations, whatever the mode of chro- 
matography used. The most popular, in adsorption 
chromatography, is the classical competitive Lang- 
muir isotherm, which is a good first approximation 
for single compound adsorption but does not 
represent accurately the experimental data in many 
cases, especially for the com~titive adsorption of 
multicomponent systems.‘9 

Analytical solution of the ideal model 

An exact solution of the ideal model of chro- 
matography has been derived in the particular case 
where the equilibrium isotherm can be represented by 



22 GEORGE~ GWOCHON et al. 

a Langmuir equation: 

Q25- 
1 +bc 

where Q is the concentration of solute in the station- 
ary phase at equilibrium, and a and b are numerical 
coefficients. The product aF is equal to the limit 
column capacity factor at zero sample size, k’. The 
ratio a/b is the saturation capacity of the column. 

In principle, Q would be better expressed as a 
surface excess concentration, but it is practical in chro- 
matography to express it as a bulk concentration, 
which avoids difficulties in defining or measuring the 
adsorbent surface. 

In the present case, of an infinite column efficiency 
and a Langmuir isotherm, the elution profile has two 
parts,14 a vertical front, at a retention time, to given 
by: 

tr=to+t,+(tR,0-tO)(1-~r)2 (9) 

and a smooth tail, described by the equation (with 
tf< t < t,.,): 

tR.O - tO -1 
> 

(10) - t, - to 

where to is the dead time of the column, t, is the time 
width of the rectangular injection, tR,O is the limit 
retention time of the corresponding compound at 
zero sample size, Lr is the loading ratio (the ratio of 
the sample size to the column saturation capacity). 

The band maximum is given by: 
- 

cM=b(*f&). 
I 

and the band-width at the baseline is: 

W=(ko- to 1 c@, - &I 

(11) 

(12) 

The ideal model corresponds to a column of infinite 
efficiency. In practice a vertical front cannot exist, 
because an infinite concentration gradient would 
generate an infinite diffusive mass flux. Nevertheless, 
extremely steep band fronts are observed, and for 
typical HPLC columns, with HETP below 20 pm and 
efficiencies above 5000 theoretical plates, the band 
profiles differ very little from those predicted by the 
model (see Fig. 1). Thus a small correction can be 
derived easily, and this result can be used to represent 
all overloaded band profiles under reduced coordi- 
nates. This makes it extremely easy either to predict 
the band profiles when the isotherm is known, or, 
conversely, to derive the parameters of the Langmuir 
isotherm which best fits the experimental profiles.14 
When the adsorption behavior cannot be accounted 
for by a Langmuir equation, systematic deviation 
between experimental and predicted band profiles 
takes place. 
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Fig. 1. Comparison between the analytical solution of the 
ideal model (infinite efficiency column) and the numerical 
solutions of the semi-ideal model, for different values of the 
column efficiency. Loading factor, 0.05. I, Ideal model band 
profile; 2, 4000 plate column; 3, 2000 plate column; 4, 1000 

plate column. 

Numerical solutions of the semi-ideal model 

Since it is not possible to derive exactly the ana- 
lytical solutions to equations (1) or (4), but only to 
the simpler equation (6) we may attempt to calculate 
numerical solutions of equation (4). Unfortunately, 
an exact solution to equation (4) is not possible.20 
However, it is possible to employ an algorithm 
developed within the framework of the finite 
difference method to calculate numerical solutions of 
the system of equations (3) and (6). Excellent results 
are obtained, as discussed in the next section. 

The numerical integration of a partial differential 
equation introduces errors, much in the same way as 
does the numerical calculation of a finite integral. 
These errors apply to the whole profile, so the profile 
obtained is different from the exact solution. We have 
shown20.2’ that if we write a program which calculates 
a numerical solution of equation (6) (i.e., we assume 
an infinite column efficiency), we obtain instead a 
numerical solution of equation (4) (corresponding to 
the exact value of the finite column efficiency), pro- 
vided the values of the time and length increments in 
the calculation are properly chosen. The difference 
between the profile obtained and the true solution of 
equation (6) results from the errors made in replacing 
the partial differential equation (6) by a finite differ- 
ence equation. It can be shown that these errors act 
in exactly the same way as an apparent diffusion 
coefficient.2’ 

The numerical procedure used for calculating 
integrals of equation (6) is designed to cancel the 
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first-order errors. We have been able to show that 
the second-order errors are proportional to the 
second differential, d2C/dx2.21 The proportionality 
coefficient turns out to be equal to the apparent 
diffusion coefficient, provided the differential 
elements, dz and dr of the numerical integration 
are chosen as: 

(13) 

where His the height equivalent to a theoretical plate 
of the column studied, and u, is the maximum 
velocity of the band studied [i.e., u/(1 + k;)]. 

Thus, the “numerical diffusion” can replace exactly 
the effects of the axial dispersion and the resistances 
to radial mass transfer which cause band broadening. 
While we are trying to calculate a numerical solution 
of the ideal model, we obtain instead a numerical 
solution of the more exact equation (4), which takes 
into account the actual column efficiency, as an 
overall coefficient, in which all the experimental 
contributions are lumped together. This method is 
valid if the kinetics of mass transfer do not change 
much during the migration of the band, which will 
be the case in most of the applications in high- 
performance liquid chromatography, but it is not 
valid either with high concentration bands of poly- 
mers, especially proteins, which are very viscous, or 
in affinity chromatography. A number of examples 
are reported and discussed in the next section. 

The method can be extended readily to the calcu- 
lation of solutions of multicomponent problems, 
involving the system of partial differential equations 
amounting for the mass balance of several com- 
pounds. Several new difficulties arise, however. The 
most important one is in the selection of the time and 
space increments of the integration. On the one hand, 
the values of these increments must be the same for 
the derivation of the whole ~hromatogram. On the 
other hand, equations (13) give different results when 
applied to different components of a sample. The 
theoretical results available, which support equations 
(13), have been obtained for a single partial 
differentia1 equation, and the method described above 
in this section for the selection of the increments is 
difficult to extend straightforwardly to a multi- 
component system. Which component should be used 
for the derivation of dt? The theory of systems of 
partial differential equations is still much less devel- 
oped than that of single equations. It is not possible 
to derive stability conditions for the selection of 
proper sets of values of the integration increments. In 
calculations for single-component bands eluted by a 
binary solvent or for the separation of a mixture of 
closely eluted components, the difficulty is mainly 
theoretical. It may become real for the prediction of 
the profiles in gradient elution or in displacement 
chromatography. 

For the present, we can consider that when the 
efficiency of the column has been chosen for a certain 

compound, i.e., a certain value of k’, the efficiency of 
the simulated column is defined for all other com- 
pounds, i.e., the column HETP is a well defined 
function of k’, as it is, for example, with open tubular 
columns in chromatography.** H is not constant, 
as it is approximately with packed HPLC columns, 
but varies rapidly with k(,. The solution of multi- 
component problems then requires some compromise 
in the selection of the integration increments. This 
does not much affect either the validity of the results 
obtained in the study of band profiles in nonlinear 
chromatography or the nature of the conclusions 
derived in the optimization of experimental condi- 
tions for preparative applications, because of the 
rather moderate effect of the efficiency. This effect 
appears in most cases as a correction to the results 
derived from the ideal model. 

RESULTS AND DISCUSSION 

The following problems have been studied: the 
profile for elution of a high concentration band with 
either a pure eluent or a mixture of a strong and 
a weak solvent; the elution profiles of the two com- 
ponents of a binary mixture, eluted with a pure 
solvent, and their progressive separation; the dis- 
placement and separation of a binary mixture. The 
results of these simulations have been compared with 
experimental results. The agreement observed is as 
good as the accuracy of the experimental results 
permits. 

In the following discussion, the sample size is given 
in dimensionless units. It is defined as the ratio 
between the actual sample size injected and that 
corresponding to the column saturation limit. In the 
case of an absorbent, the latter is the amount which 
would form a monolayer on the surface. 

The eiutio~ pro@ of a single compound in ideal 
nonlinear chromatography: the ease of a Langmuir 
isotherm 

For a single component, it is possible to derive an 
analytical solution of the ideal model of chro- 
matography under overloaded conditions (see the 
theoretical section, above). This solution is the 
elution profile which would be obtained with a 
column of infinite efficiency. In practice, elution 
profiles obtained with columns having more than 
So00 plates cannot be distinguished from those 
predicted by the ideal model, when the loading factor 
exceeds 0.02 (see Fig. 1). 

This property can be used to predict the elution 
profile of any pure-component sample when the 
equilibrium isotherm is represented by a Langmuir 
equation and the coefficients are knowni Con- 
versely, it can also be used to determine the best 
values of the parameters of a Langmuir equation 
representing the absorption behavior of a compound 
when the elution profile of a high concentration band 
is knownI 

TAL. 36,1-2-C 
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Fig. 2. Influence of the loading factor on the band profile, 
and the sensitivity of the profile to the column efficiency. 
For each value of the loading factor, the figure shows two 
profiles, one derived from the ideal model, and one calcu- 
lated by using a semi-ideal model, with a different column 
efficiency. 1, Loading factor, 0.01; efficiency, 10000 plates. 
2, Loading factor, 0.05; efficiency, 5000 plates. 3, Loading 
factor, 0.10; efficiency, 2000 plates. 4, Loading factor, 0.25; 

efficiency, 1000 plates. 

These operations are performed with reduced coor- 
dinates. The reduced ordinate is the product of the 
concentration and the second coefficient [b, see equa- 
tion (8)] of the Langmuir isotherm. The reduced 
abscissa is the ratio, k//k;, of the column capacity 
factor, k’, associated with a given concentration and 
the limit column capacity factor for a zero sample 
size, k;. The profiles obtained depend only on the 
loading factor. Figure 2 shows a series of profiles, 
corresponding to different values of the loading 
factor. Each profile can be compared with the band 
profile generated by the semi-ideal model, for 
columns of different efficiencies. Figure 2 illustrates 
also the decreasing influence of the column efficiency 
on the elution profile of a large high concentration 
band, with increasing loading factor. 

The elution profile of a single compound in semi-ideal 
nonlinear chromatography: numerical solution 

We have used the program described in the theo- 
retical section above to generate a series of elution 
profiles under a variety of experimental conditions.23 
Figures 3 and 4 show a series of profiles correspond- 
ing to a Langmuir isotherm and an S-shaped iso- 
therm, respectively. The differences are striking. 

In the case of the Langmuir isotherm, the velocity 
associated with a concentration within the framework 
of the ideal model increases monotonically with the 
concentration, since the derivative of the isotherm 
decreases monotonically with increasing concen- 
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Fig. 3. Band profiles generated by computer calculations, 
using the semi-ideal model. Langmuir isotherm, with 
a = 25, b = 0.10. Phase ratio, F = 0.25. Column, 25cm 
long, 2500 theoretical plates. Flow-rate, 5 ml/min. 1, Load- 
ing factor, O.ooo4; 2, loading factor, 0.002; 3, loading factor, 
0.0040; 4, loading factor, 0.0080; 5, loading factor, 0.012; 6, 

loading factor, 0.020. 

tration in the mobile phase [see equations (7) and (S)]. 
Thus, the higher concentrations move faster than the 
lower ones and try to pass them. They cannot do so, 
however, because, at any given time, the concen- 
tration of a compound cannot have several values at 
any given point. Mathematically, this means that the 
band profile cannot remain continuous when a high 
concentration tries to pass a lower one, but a gener- 
alized, so-called “weak”, solution must be considered 
instead.‘4,2S22 The tangent to the profile becomes 
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Fig. 4. Band profiles generated by computer calculations, 
using the semi-ideal model. S-shaped isotherm. Column, 
25 cm long, 2500 theoretical plates. Flow-rate, 5 ml/min. 1, 
loading factor, 0.0020; 2, loading factor, O.oo40, 3, loading 
factor, 0.0120; 4, loading factor, 0.020; 5, loading factor, 

0.040. 
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vertical and remains so as long as necessary. The 
profile acquires a discontinuous part (see Fig. 3). 
When the sample size increases, the discontinuity, 
also called the “concentration shock,” becomes 
greater, and the retention time decreases. The band 
profiles in the idea1 case are given by equations 
(9)-(12). They are illustrated in Figs. 1 and 2. 

Figure 4 shows the band profiles obtained with an 
S-shaped isotherm. In this case, initially, the curva- 
ture of the isotherm at low concentrations is in the 
opposite direction to that of the Langmuir isotherm. 
When the solute concentration in the mobile phase 
increases, the concentration sorbed at equilibrium 
increases faster. Accordingly, the slope of the iso- 
therm (i.e., k’) increases with increasing concen- 
tration and the velocity associated with a 
concentration decreases at first with increasing 
concentration [see equation (711. The phenomenon 
which takes place is the reverse of what happens with 
a Langmuir isotherm: the band has a slowly rising 
elution profile followed by a sharp drop, the rear 
shock layer which replaces the discontinuity pre- 
dicted by the ideal model. Eventually, the inflection 
point of the isotherm is reached, the curvature 
changes sign, and the velocity associated with a 
concentration [see equation (711 now decreases with 
increasing concentration. A new discontinuity ap 
pears and grows on the front of the peak. The profile 
illustrated in Fig. 4 is characteristic. 

Figure 5 shows the comparison between the profile 
recorded ex~rimentally for elution of a high concen- 
tration band of benzyl alcohol on a silica column, and 
the predicted profile by using the semi-ideal model, 
for the same experimental conditions. The equi- 
librium isotherm has been determined by combining 
the results of measurements made by frontal analysis, 
with those derived from characteristic points of the 
elution and the frontal anaIysisz4 The agreement 
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Fig. 5. Comparison between an experimenta band profile 
(points) and the profile predicted by our numerical solution 
of the semi-idea1 model, using the same experimental condi- 
tions, including the column efficiencv. and the wuilibrium 
determined bya combination of me&ids. Station&y phase: 
silica gel, IOpm. Mobile phase: n-heptane/THF @S/15, 
v/v). Flow-rate: 1 ml/min. Solute: benzyl alcohol. Ambient 

temperature. _ 

between the predicted profile (solid line) and the 
experimental points is striking. The slight difference 
in curvature between the two profiles results from an 
approximation made in the model. The eluent used in 
this dete~ination is a mixture of a strong and a weak 
solvent (n-heptane and tetrahydrofuran). Though the 
weak solvent can be considered as nonadsorbed, the 
strong solvent can not. As discussed in the next 
section, we have shown that if the ratio, aj/ai, of the 
first coefficients of the Langmuir isotherms describing 
the adsorption behavior of the strong solvent, aj, 
(organic modifier) and the solute, a,, is of the order 
of 0.1-0.2, the difference between the profiles pre- 
dicted (simulated) by using a single-component and 
a two-component model is very similar to the one 
observed here.23 A large number of similar results, 
obtained with various sample sizes of different com- 
pounds, and several ~hromatographic systems, have 
been obtained.23 In all cases, the same excellent 
agreement between experimental chromatograms and 
simulated band profiles has been achieved. 

The elution prof% of a single-component high concen- 
tration band, with a binary mixture as u mobile phase 

When the mobile phase is a mixture, we should use 
a mass-balance equation for each of its components, 
except for the weak solvent, since any additive to the 
weak solvent is, by definition, positively adsorbed.i3 
This means that the problem of the prediction of the 
elution band of a single component eluted with a 
binary mixture as mobile phase is a two~omponent 
problem, as is the problem of the separation of a 
binary mixture by use of a pure solvent as mobile 
phase, or the problem of the high concentration band 
profile in gradient elution. Accordingly, the sepa- 
ration of a two-component mixture with a binary 
solvent is a thr~-component problem. 

The theory of systems of partial differential equa- 
tions is not yet very advanced, and there are few 
general theorems which can be of any help in the 
present study. 20.2’ For example, there is no general 
result describing the stability condition for a numer- 
ical solution. There are no general procedures avail- 
able for the derivation of a suitable algorithm. We 
have extended the algorithm used for the prediction 
of band profiles for the one-component problem, to 
the calculation of solutions of the two-, three- and 
four-component problems. This merely requires the 
intr~uction of a mass-balance equation and a com- 
petitive isotherm [equation (3)] for each new species 
involved. In fact, the program can be extended easily 
to any number of components. The practical 
difficulties are that we now have no stability condi- 
tion and no method to calculate the proper values of 
the integration increments (see theoretical section). 
We have selected the same increment values as for the 
single-component integration and have obtained sat- 
isfactory results, with no numerical instability and 
with excellent agreement with the available experi- 
mental results, with the single exception that the 
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Fig. 6. Simulation of system peaks. Injection of a large 
sample of solute with a binary mixture mobile phase. 
Circles, signal obtained with a detector selective for the 
solvent. Squares, signal obtained with a detector selective 
for the single solute. Triangles, signal observed with a 

non-selective detector. 

chromatogram predicted for a zero sample size of a 
mixture of several compounds exhibits a particular 
relationship between HETP and kh which is a 
property of the program. 25 It is easy to adjust the 
HETP of one compound to the desired value, but 
that of all other compounds is then defined. 

So far, we have investigated in detail only the 
elution of a single-component band with a binary 
mixture. The separation of a binary mixture is under 
current investigation. We have studied the influence 
of the concentration of the strong solvent and of the 
relative strength of the adsorption of the strong 
solvent (organic modifier) and the solute. 

Figure 6 shows the concentration signals obtained 
at the column outlet for a high concentration band 
injected into a column, and elution with a binary 
mobile phase. The profiles of the solvent and the 
solute are indicated separately. It is apparent how 
different the situation of the analyst can be, de- 
pending on whether he is using a solute-selective 
detector or a nonselective detector. In the former 
case, there is a single peak, with area proportional to 
the sample size. In the latter case, there are two peaks, 
and the second one is the result of an interference 
between a band of pure strong solvent and the band 
of solute. The band which appears on the trace from 
a real non-selective detector would be a composite of 
these two bands, different from any of the concen- 
tration profiles shown in Fig. 6, because there is no 
reason why the response factors for the strong solvent 

and the solute should be identical. It would be very 
difficult to use the band profile in quantitative analy- 
sis. Even with an ultraviolet detector and a 
component absorbing at the detector wavelength, 
strong band distortion may take place if ultraviolet 
absorption by the solvent is not negligible. 

The effect of the relative strengths of adsorption 
of the solute and the strong solvent is illustrated in 
Fig. 7. The elution band profile for a constant size 
injection of a pure solute is simulated, for a series of 
strong solvents (organic modifiers) having various 
ratios of their retention relative to that of the solute. 
For very weak organic modifiers, the profile remains 
similar to that observed with the pure weak solvent, 
but the retention time decreases, which is the effect 
normally expected from the addition of a strong 
solvent to the mobile phase. When the solute and the 
strong solvent have the same retention, a Gaussian 
peak is observed at all concentrations. With a strong 
solvent, one which is more strongly adsorbed than the 
solute, the retention becomes small (but not neces- 
sarily negligible), the peak is skewed in the opposite 
direction, with a smooth front and a steep rear, and 
may exhibit very complex, strange shapes before 
becoming Gaussian again and unretained.26 
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Fig. 7. Series of band profiles recorded with a solute- 
selective detector, as response to the injection of identical 
amounts of solute in a chromatographic system using a 
binary solvent as mobile phase. Effect of the strength of the 
organic modifier. The parameter used is the ratio, R = a,/a,, 
of the first coefficients of the Langmuir isotherms of the 
strong solvent (a,) and of the solute (a,). The concentration 
of strong solvent is 0.25M. I, The modifier is not adsorbed, 
R=O. 2, R=O.l. 3, R=O.S. 4, R=l.O. 5, R=2. 6, 

R = 10. 
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Fig. 8. Elution profile of a high con~ntration band (loading factor, 10%) of a binary mixture (relative 
retention at zero sample size, 1.09; same column capacity). Value of k; for the second compound, 6.25. 
Limit retention times of the two compounds, 290 and 270 see, respectively. to = 40 sec. Relative 
concentration of the two compounds, l/19. Insert: chromatograms obtained for the same amounts of each 

component injected singly. 

The e&ion projile of a multicomponent high concen- This program calculates the elution profile of each 
tration band: separation of a binary mixture with a component of the mixture as it would be obtained by 
pure eluent using a detector selective for that compound, and also 

the sum of the two profiles, which would be the 
We have generated band profiles of samples of response of a non-selective detector. Figures 8-1 I are 

binary mixtures, by using a program similar to the examples corresponding to different compositions of 
one used for a single component and described above. the binary mixture used (1:19, Fig. 8, 1:2, Fig. 9; 2:1, 
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Fig. 9. Same as Fig. 8, but relative concentration of the two compounds is l/2. 
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Fig. IO. Same as Fig. 8, but relative concentration of the two compounds is 2/l. 

Fig. 10; 19: 1, Fig. 11) but the same loading factor, for the sake of simplicity, similar isotherms have been 
lo%, and the same other experimental conditions used for the two components. The model used to 
(equilibrium isotherm, column efficiency, 3000 theo- account for the competitive adsorption behavior of 
retical plates). Similar figures illustrating the dis- the two compounds [see equation (3)] is the simple 
cussions of various aspects of the separation process competitive Langmuir isotherm: 
of a binary band, the optimization of experimental 
conditions, the yield and production rates achieved, ai c, 
have been published. 27-30 It is important to stress that, 

c, = 
1 +b,Ci+bjC, (14) 
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where the subscripts i and j stand for the two 
components of the binary mixture. The two single- 
component isotherms (Cj = 0 and C, = 0, re- 
spectively) diverge progressively from each other, 
so there cannot be an inversion in the elution order. 
More complex situations are possible,” and it 
becomes very difficult to account for the results3’ 

Two important phenomena are observed in these 
figures. First (see Figs. 8, 9 and to a lesser extent lo), 
two diffusion-relaxed concentration d&continuities, 
or shock layers (see above), are observed on the 
profile of each band system, as demonstrated by 
Guiochon and Jacob.6 One shock layer occurs be- 
tween one of the two components and the mobile 
phase, the other between the two components. If the 
isotherms are of the Langmuir type, the external 
discontinuity appears before the band, as shown here. 
If the isotherm were S-shaped the discontinuity 
would appear on the back of the band (see Figs. 12 
and 13). These two discontinuities are somewhat 
relaxed by axial diffusion and the resistance to radial 
mass transfer, and become shock layers. The funda- 
mental property of these shock layers, as shown by 
the theory of weak solutions of hyperbolic partial 
differential equations, i4 is that they move at the same 
velocity as the corresponding discontinuity. The first 
shock layer is steeper than the second, and the slopes 
of the two component profiles in the second shock 
layer depend rather strongly on the column efficiency, 
which explains the better performance of the more 
efficient column under overloaded conditions.*’ 

Secondly, there is a strong interaction between the 
two bands, as long as the two components spend a 
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Fig. 12. Elution profile of a high concentration band of a 
binary mixture eluted with a binary solvent. Concentration 
of strong solvent: O.lM. Ratios of first Langmuir isotherm 
coefficients: solute Z/solute I, I .2, strong solvent/solute 1, 
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Fig. 13. Same as Fig. 12, but relative concentration of the 
two compounds is l/9. 

large fraction of their retention time in unresolved or 
partially resolved bands. This strong interaction is 
illustrated by a comparison between Figs. 8-11 and 
the inserts in each one of them. In each case, the 
difference between the profiles obtained for the bi- 
nary mixture (Figure) and the profiles obtained for 
the same amounts of each component injected singly 
(insert) is striking. The qualitative result of this 
interaction, i.e., the shape of the two elution bands, 
depends on the relative composition of the mixture; 
the intensity of the effects depends on the absolute 
concentrations. With two compounds having a limit 
relative retention of 1.25 for zero sample size, it takes 
a certain amount of column overload to achieve 
significant interference between their elution bands. 
Figures 8-l 1 correspond to a loading factor of 0.10, 
i.e., the sample size is 10% of the amount required to 
saturate the column at equilibrium. For smaller val- 
ues of the relative retention the same degree of band 
interference would be obtained with smaller loading 
ratios. 

When the second component is at much the higher 
concentration, it tends to displace the first component 
(Fig. 8). The first component band is considerably 
pushed forward and its elution profile takes a charac- 
teristic L-shape, with a narrow front part containing 
a large fraction of the compound, followed by a 
shallow tail. This tail ends somewhat before the limit 
retention time of the first component. The elbow of 
the tail occurs at the same time as the maximum of 
the band of the second component. The relative 
importance of the tail depends on the relative concen- 
trations and retentions of the two components. When 
the relative concentration of the second component 
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decreases, the displacement effect decreases and be- 
comes very weak (Fig. 10) or nonexistent (Fig. 11). 
The relative importance of the tail of component 1 
increases. The front of compound 1 moves forward 
(the degree of column overload by component 1 
increases) and its rear recedes and straightens up. In 
all cases, however, the front of the band of com- 
ponent 2 is eluted earlier when it is mixed with 
component 1 than when the same amount of 2 is 
injected alone, even if the effect is hard to notice, such 
as in Fig. 8 (compare inserts and Figures). 

At the same time as component 2 displaces com- 
ponent 1, it tends to tag along with it. The effect 
increases when the displacement effect decreases. It is 
very important in Fig. 11, moderate in Fig. 10, and 
barely noticeable in Fig. 8, where the nearly vertical 
front of component 2 is eluted a few seconds later 
when it is pure than when it is mixed with 5% of 
component 1. Both effects are explained by the 
mutual interaction of the two components. 

When two compounds have a relative retention of 
1.25, it means that, at equilibrium with a dilute, 
equimolar solution, the concentrations of the two 
compounds in the stationary phase are in the ratio 
l/l .25. At high concentration the ratio is still close to 

1 [see equation (14)]. As a consequence, a large 
fraction of the molecules of component 1 is sorbed, 
even in the presence of a high concentration of 
component 2. The very high resolution power of 
chromatography should not let us forget that when 
separating compounds by chromatography, we are 
usually dealing with compounds which have very 
close values of their Gibbs free energies of ad- 
sorption. This means that the molecules of com- 
ponent 2 cannot completely force those of component 
1 out of the stationary phase, even when the relative 
concentration of component 2 is large (Fig. 8). Hence 
the tail observed for the band of 1 in Figs. 8 and 9. 
On the other hand, when component 1 is in large 

excess, its molecules occupy a large fraction of the 
sites available on the surface and crowd the molecules 
of 2 out of the stationary phase. Hence we see the 
second component being pulled along by the first one 
(tag-along effect) and the spreading of the band of 
component 2 over a long time. 

The tag-along effect, which has not been described 
in the literature, has undesirable consequences in 
preparative chromatography, since the yield of both 
components at high purity will be very low in the case 
illustrated in Fig. 11. The profiles generated can be 
used to derive the yield and rate of production for 
both components at any stated degree of purity, by 
a simple integration of the band areas.*’ There is an 
optimum in the column loading, which depends on 
the column characteristics as well as on the nature of 
the separation problem studied.2s+29 In general, it 
seems it is much easier to extract small amounts of an 
impurity if it is eluted first (Fig. 8). Similarly, the yield 
for purification of a major component is higher if the 
impurity is eluted last (compare Figs. 8 and 11). 

The elution profile of a multicomponent high concen- 
tration band: separation of a binary mixture by a 
binary mobile phase 

Figures 12 and 13 show simulated chromatograms 
for the injection of a large band of a binary sample, 
and elution with a mixture of two solvents as mobile 
phase. The competitive adsorption isotherms [see 
equation (3)] of the three adsorbed species, the two 
solutes and the strong solvent, are Langmuir iso- 
therms [equation (14) holds, but is written for three 
solutes instead of two]. The relative retention of the 
two sample solutes is 1.2. The strong solvent is more 
strongly adsorbed than the first solute, and its limit 
relative retention is 1.5 (see Fig. 7). 

In this case, the band profile becomes skewed in a 
direction which is the reverse of the one normally 
observed with Langmuir isotherms. The band profiles 
exhibit shapes which are very similar to those 

observed with the Langmuir isotherms, as seen if 
Figs. 8 and 12 on the one hand, and Figs. 11 and 13 
on the other, are compared. The equivalent of a 
displacement effect is observed in Fig. 12, but it is not 
the result of faster migration of the band of the 
second component forcing the band of the first one 
out of the column. It is the increasingly sluggish pace 
of the first component which delays the migration of 
the second one, because the equilibrium concen- 
trations of both components in the stationary phase 
increase faster than their concentrations in the mobile 
phase. The comparison with displacement would be 
incorrect here. Similarly, in Fig. 13 it is the first 
component which experiences difficulties in sepa- 
rating itself from the second one, during a slow 
process which leaves its band considerably spread. 
This happens because the equilibrium concentration 
of component 1 in the stationary phase increases 
faster than the concentrations of either component 
1 or component 2 in the mobile phase. 

Nevertheless, the practical results, i.e., the conclu- 
sions drawn regarding the yields and production rates 
observed in preparative HPLC, are the reverse of 
those derived in the case of classical Langmuir iso- 
therms. This is quite paradoxical, since we still have 
Langmuir adsorption isotherms in this case. This 
suggests that the introduction of some additive or 
strong solvent into the mobile phase used in prepara- 
tive liquid chromatography may facilitate the solu- 
tion of some difficult separation problem and offer a 
practical way to increase yields and production 

rates. 

Displacement chromatography 
The last problem we have studied systematically is 

the progressive build-up of displacement profiles. It is 
known that after a certain period of time, during 
which steady-state conditions slowly prevail, an iso- 
tachic train is formed and propagates. Helfferich and 
Klein3* have derived a method permitting the calcu- 
lation of an approximate profile of the isotachic train. 
The result does not permit, however, an accurate 
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prediction of the yield and production rate of each 
compound at a certain degree of purity. Furthermore, 
one of the goals of preparative chromatography is to 
find conditions for optimum production rate. It 
is clear that the maximum production rate occurs 
before the formation of an isotachic train. The 
increase in the production rate, as a result of the time 
saved, will be much larger than the loss due to the 
yield drop. Displacement chromatography has been 
little used so far for preparative applications, owing 
to the lack of experience and the need for on-line 
analysis for the determination of the individual com- 
ponent profiles. Simulation of the transient condi- 
tions and an understanding of the competitive pro- 
cess is a first step to introducing displacement 
separation at the process level. 

In the simplest general case, where a pure carrier 
impregnates the column before injection of a binary 
mixture, followed by continuous introduction of the 
displacer solution, we have a three-component prob- 
lem which can be studied by the same approach as 
that described above. Some results of the simulation 
are shown in Figs. 14 and 15. The same amount of 
sample is injected in both experiments. 

25 30 35 40 45 

JJ+==J--fT 
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275 290 265 290 295 

TIME 

Fig. 14. Simulation of displacement profiles, as recorded 
at the outlet of various columns. Same experimental 
conditions, including isotherms, as for Fig. 8. Loading 
factor, 2.5% of column saturation capacity. Dirac injection. 
I, Profile of the first component of a binary mixture. 2, 
Profile of the second component. D, Profile of the displacer. 
T, Total profile, as recorded by a nonselective detector, with 
the same response factor for all three compounds. (A), (B) 
and (C) show the displacement profiles at the exit of three 
different columns, 5, 17 and 35 cm long, respectively. The 
cut points for 98% purity are shown for components 
1 and 2. For component 2 the determination of the cut 
points allows for 1% impurity of component 1 and 1% 
impurity of the displacer. The yields obtained with the three 
columns are 0 (A), 0.18 (B) and 0.60 (C) for the first 
component, respectively. For the second component, they 

are 0 (A), 0.44 (B) and 0.85 (C), respectively. 
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Fig. 15. Same as Fig. 14, but 5-ml injection. The yields 
obtained with the three columns are 0 (A), 0.15 (B) and 0.53 
(C) for the first component, respectively. For the 
second component, they are 0 (A), 0.23 (B) and 0.83 (C) 

respectively. 

In the first case (Fig. 14), a narrow plug is injected. 
Figure I4 shows the profiles of each component of a 
binary mixture and of the displacer at the exit of (A) 
a S-, (B) a 17- and (C) a 35-cm long column. The 
concentration of each component of the injected 
sample is larger than the steady-state concentration 
in the isotachic train, so the band becomes more 
dilute and broadens. The two components segregate 
progressively, one at each end of the sample band, 
pushed by the displacer front. The interaction be- 
tween the two components causes the progressive 
separation of their bands, but a significant inter- 
mediate zone remains between them. The vertical 
lines in Figs. 14A-C show the cut points for the 
collection of 98% pure fractions. The intermediate 
part of the feed must be rejected (wasted) or recycled, 
but should not be collected. The width of this inter- 
mediate zone, and hence the yields for the two 
components (which increase with increasing column 
length as long as the isotachic train builds up, see 
Figure caption), will depend on the column efficiency. 

In the second case (see Fig. l5), the same amount 
of material as for Fig. 14 is injected, but as a large 
volume of dilute sample. Figure I5 shows the simu- 
lated profiles at the exit of columns of lengths (A) 5, 
(B) I7 and (C) 35 cm. A certain degree of separation 
takes place at the front of the band in the column 
(frontal analysis). When the displacer is introduced, 
it produces two effects. First it pushes the whole band 
further down the column, at a velocity faster than the 
velocity associated with the concentration of the 
injected band. The frontal separation increases at the 
downstream end of the sample zone. On the other 
hand, the displacer concentrates the band and pro- 
duces some separation between the two compounds, 
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Fig. 16. Comparison between our simuiated profiles {bottom) and the experimental results (top) previously 
published by Frenz.” Displacement of a ~sorcinol/cat~hol mixture on two columns, one 25cm long 

(left-hand two diagrams), the other 50 cm long (right-hand two diagrams), see text. 

which segregate, one at each end of the displaced 
sample zone [see Fig. 15(A)]. The separation builds 
up at both ends of the sample zone and eventually the 
two zones that are rich in component 1 meet and the 
isotachic train is formed [see Fig. 1 S(B)]. In this case, 
the fractions collected are more concentrated than the 
injected sample. The effect of frontal analysis on 
displacement development is seen in the variation of 
the yield with increasing column length. Unlike the 
case of a Dirac pulse injection, where the yield 
increases monotonically with increasing column 
length, for a large-volume injection the yield increases, 
then falls rapidly to a very small minimum [at 17 cm, 
the length corresponding to Fig. 15(B)], when the 
two concentration maxima of the first component 
merge. 33 Finally, the yield increases and reaches its 
limit value when the isotachic train forms. The value 
of the maximum yield is exactly the same as that 
observed under the conditions of Fig. 14. The same 
isotachic train forms in both cases. 

Finally, Fig. 16 shows a comparison between ex- 
perimental results,M shown on the two top diagrams, 
and simulated displacement profiles (bottom dia- 
grams), under experimental conditions such that the 
isotachic train is not yet fully developed. The band 
profiles at 25 cm (left-hand two diagrams) and 50 cm 
(right-hand diagrams), were predicted for the sepa- 
ration of resorcinol from catechol. Single-component 
Langmuir isotherm parameters were empfoyed in a 
competitive Langmuir model for the solutes. The 
competitive isotherms for the displacer and the sec- 
ond component had been estimated from the limited 
data available. A porosity of 0.8 was assumed. 

Otherwise, all the experimental conditions were used, 
i.e., HETP, mobile phase flow-rate, column length. 
The breakthrough (left-hand two diagrams) was at 
just over 3 ml while the predicted value was 3.4ml. 
The plateau concentration of the tail of the first 
component was experimentally determined as 
10 mg/ml, the same as predicted. The peak maximum 
of the first component is predicted to be 50 mg/ml, 
and the maximum measured was 35 mg/ml. Published 
ex~rimental data” showed that the second com- 
ponent displayed two maxima, as also predicted. 
With the same data, the profile was also determined 
at 50 cm (right-hand two diagrams). A nearly iso- 
tachic train was observed and also predicted. The 
heights of the bands were not exactly the same, 
indicating the errors made in the approximation of 
the displacer isotherm. 

The agreement is excellent, considering the 
assumptions made in the Langmuir model. Quanti- 
tative agreement can be expected only if the 
competitive isotherms of all the compounds involved 
have been determined on the column actually used 
for the separation. The band profiles obtained during 
displacement development depend on the exact value 
of the competitive isotherms in the whole concen- 
tration range scanned during the experiment. On the 
other hand, less information is required in order to 
predict the band profiles in the isotachic train. 

CONCLUSION 

The theory of nonlinear chromatography now 
permits a useful discussion of the phenomena re- 
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sponsible for the broadening of elution bands at high 4. E. Glueckauf, Disc. Faraday Sot., 1949, 7, 12. 
concentration, for the progressive separation of these 5. E. Glueckauf, Proc. Roy. Sot., 1946, A186, 35. 

bands, and for the formation of an isotachic displace- 6. G. Guiochon and L. Jacob, Chromarog. Rev., 1971, 14, 

ment train. It makes possible the calculation of the 
yields and production rates under any set of experi- 
mental conditions. The combination of our program 
with an optimization program, such as SIMPLEX, 
permits the rapid determination of the optimum 
conditions for maximum production, in preparative 
chromatography.35 

77. 

The results discussed here are from numerical 
integration of the semi-ideal model. This model as- 
sumes that the kinetics of mass transfer in the column 
are fast and that the compositions of the mobile 
phase and the stationary phase are always very near 
to equilibrium. It is very important that the kinetics 
of the retention mechanism involved (sorption/ 
desorption, whether in normal-phase, reversed-phase 
or ion-exchange chromatography, or complexation/ 
dissociation, etc.) be fast compared to that of the 
other processes contributing to band broadening, 
such as diffusion in the mobile solvent. Thus, our 
results apply to all high-performance modes of chro- 
matography. 

These results cannot be used in some important 
applications, however, such as affinity chro- 
matography, or when the viscosity of highly 
concentrated sample solutions in the mobile phase is 
much larger than that of the pure solvent, as may 
occur in the preparative separations of polymers and 
particularly proteins. In these cases, it is necessary to 
solve the general model [see equations (1) and (2)] 
incorporating an appropriate equation for the 
mass transfer kinetics. Analytical solutions have been 
proposed for some special cases.‘5,‘6 A numerical 
solution valid for any kinetic equation is currently 
under development.36 
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Summary-A molecular mechanics program, MM2, was utilized to model two chromatographic systems. 
It was first used to locate the most stable conformers of homologs of two derivatized silica stationary 
phases, N-tert-butyloxycarbonyl-o-valine-N’-n-butylamide and N-terr-butyloxycarbonyl-D-alanine-N’-n- 
butylamide, and also of the enantiomers of 2,2,2&fluoroanthrylethanol (TFAE). The most stable (R) and 
(S) conformers of TFAE were then docked with those of the amino-acid derivatives. The calculations 
correctly predicted the elution order as well as the relative resolving powers of the two bonded phases. 
Replacing the n-butyl “spacer” chain with a methyl, ethyl, or n-propyl group confirmed the importance 
of chain length. Calculations involving the n-propyl spacer correctly predicted the elution order of 
enantiomers of TFAE on both phases as well as the relative enantiomeric resolving power of the two 
stationary phases. Similar calculations involving either ethyl or methyl spacers on the alanine derivative 
did not make correct medictions, thereby confirming the important influence of the spacer on 
fractionation of enantiomers. 

Many chromatographic chiral phases have been syn- 
thesized and evaluated experimentally. Some of these 
phases were synthesized from species having many 
chiral centers. For example, silica phases bonded with 
bovine serum albumin’ and a-acid glycoprotein’ have 
been used to resolve chiral pairs. Enantiomeric pairs 
have also been separated on bonded phases which 
incorporate small molecules. Phases of this type 
include those which were originally created by Pirkle 
from dinitrobenzoyl derivatives of amino-acids.3 
Other derivatives of amino-acids which have been 
evaluated include formyl,4 acyl,’ and carbobenzoxy 
derivatives.6 Lipkowitz et al. have used the molecular 
mechanics program MM2 to predict and confirm the 
elution order of TFAE enantiomers on dinitro- 
benzoylphenylglycine. ‘-lo Armstrong et al. have also 

, used computer modeling for studying the mech- 
anisms of retention on cyclodextrin columns.” How- 
ever, neither group has exploited molecular mechan- 
ics to its full capabilities. For instance, energies of 
interaction between individual atoms or groups can 
be obtained and often provide useful insight into the 
molecular interactions. Thus, the role and the relative 
importance of different groups can be determined. 
Examples will be given later. 

The present report represents an independent study 
of the applicability of MM2 to chiral systems. After 
starting our work on a Pirkle-type phase, we learned 
that Lipkowitz was studying these phases, so we 
changed to a chiral chromatographic phase that had 
been synthesized and characterized chromato- 
graphically in our laboratory. Furthermore, exam- 
ination of a second system seemed desirable as a test 
of the reliability of this computational method be- 
cause many experimentalists are dubious of MM2 

calculations for reasons such as “inadequate” hand- 
ling of hydrogen bonding and general uneasiness 
about the absolute values of the calculated numbers. 
However, in the present case, we are interested not in 
the absolute values but in the differences for two very 
similar species. 

In addition, our calculations explored the effects of 
two other variables: a change in the amino-acid 
side-chain and a change in the length of the spacer 
chain used to attach the amino-acid derivative to the 
surface of the silica.12.‘3 Our calculations ignored the 
contributions of the surface, not because. they are 
unimportant but because the MM2 parameters were 
not available. The surface effect, which is hoped wifl 
balance out in calculating a difference between two 
enantiomeric complexes, will be discussed later. 

The chiral phases we used were synthesized by Hsu 
et al.‘* by bonding rert-butyloxycarbonyl (BOC) de- 
rivatives of amino-acids to a butyl spacer on silica in 
order to estimate the relative contributions of individ- 
ual chiral centers to the overall chiral recognition 
exhibited by a tripeptide-derivatized phase. Hsu er al. 
evaluated their phases chromatographically with 
t~~uoroanthrylethanol as a test solute in organic 
mobile phases. The chromatographic a-values found 
ranged from 1.02 for BOC-D-alanine to 1.10 for 
BOC-D-valine. On all the D-amino-acid phases, 
(RI-TFAE was the last to elute. 

Therefore, the purpose of the present study was to 
use MM2 to make predictions and test their qual- 
itative agreement with the chromatographic results 
for the separation of (R)- and (S)-TFAE on valine 
and alanine derivatives. If successful, the calculations 
should predict (a) the elution order of the TFAE 
enantiomers, (b) an effect of chain-length of the 

35 
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spacer on a, and (c) a larger a-value [as reflected in 
the difference in energy between the (R) and (S) 
complexes] for valine complexes than for those of 
alanine. However, the calculated values would be 
expected to be larger than the experimental ones, 
since the MM2 calculations do not consider inter- 
actions which result in retention of both enantiomers 
but do necessarily differentiate them. The more 
prominent examples are the hydrophobic interactions 
between the solute and the unreacted spacer bonded 
to the silica, the hydrogen bonding between the 
solutes and the silanols on the surface of the column 
packing, and the effects of solvent interactions with 
both the solute and the stationary phase. 

EXPERIMENTAL 

All calculations were performed on a VAX 11/750 or a 
MicroVax II with version ‘87 of MM2 by Alhnger.‘5 This 
version incorporated improved hydrogen-bonding parame- 
ters, peptide parameters, and a simplex optimization routine 
for docking. These recent improvements were not available 
for use in previously reported work.‘-lo All calculations were 
performed with use of a dielectric constant of 4.4 to approx- 
imate the mobile phase of 60% hexane/40% methylene 
chloride used in the chromatographic study. However, 
specific solvent interactions were not included. 

Figures 1 a and 1 b show the numbering for the species for 
which the energies were first minimized and then used for 
docking. This basic numbering system in Fig. la was 
maintained throughout the study. For example, when a 
methyl group was substituted for the n-propyl spacer, C-14 
was deleted and C-13 was replaced by a hydrogen atom. 

The following dihedral angles were examined. For the 
amino-acid species, the assignments made in Fig. la were: 
angle 1 = atoms 1,2,3,4; angle 2 = atoms 3,5,6,7; angle 3 = 
atoms 5,6,8,9; angle 4 = 7,6,15,16; angle 5 = 10,11,12,13; 
and angle 6=atoms 11,12,13,14. For TFAE, shown in 
Fig. lb, angle 7 = atoms B,C,D,E and angle 8 = atoms 
A,B,C,D. In all cases it is assumed that the system is viewed 

Table I. Substitute torsional angle parameters used 
for minimization with BOC-D-amino-acids and of 

TFAE 

Actual torsional 
angle* 

6,3,9,1 
9,3,6,1 
6,3,9,28 

11,1,2,2 
I: sp3 carbon atom@ 
2: sp* alkene carbon atom 

Substitute 
torsional angle? 

1,3,9,3 
1,3,&l 
1,3,9,28 

11,1,2,1 

3: sp* carbonyl carbon atom 
6: Ether oxygen atom 
9: Amide nitrogen atom 

11: Fluorine 
28: Amide hydrogen atom 

*Torsional angle found in BOC-D-amino-acids or 
TFAE. 

tsubstitute angle parameters which were used in 
minimization. 

BDefinition of atom types from MM2. 

through the second of the four atoms listed, along the bond 
joining it to the third atom listed. A positive angle indicates 
that the fourth atom is clockwise relative to the first one 
listed, and a negative angle indicates that the fourth atom 
is counter clockwise to the first. 

Four torsional parameters for the stationary phase and 
one for the solute were not available. Table 1 lists these 
parameters and the substitutions used. MM2 did not con- 
tain silanol parameters; therefore, BOC-D-vahne-N’- 
alkylamide and BOD-D-alanine-N’-alkylamide were used as 
models of the stationary phases. It should be noted that 
n-propyl derivatives were emphasized in our calculations 
because they closely resembled the butyl species but required 
many fewer calculations for optimization. The effects of 
using methyl and ethyl spacers were also investigated. 

Four strategies of docking were used, each designed to 
maximize certain interactions. Figures 2a-h illustrate these 
strategies, using both enantiomers of TFAE with BOC- 
D-valine-N’-n-propylamide as examples. The same strate- 

Fig. la. Numbering system for BOC-o-vahne-N’-n-propylamide. 

(R) TFAE (S) TFAE 

F,C 

t 

c DC--H 
G E 

H-G, c CFa 
E 

t 
c 

li ti 
F F 

Fig. lb. Numbering system for (K) and (S) 2,2,2-trifluoroanthrylethanol (TFAE). 
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Figs. 2a and b. Views along the out-of-plane axis fr) and vertical axis (_P) of an initial orientation of the 
first type involving (R) TFAE with BOG-D-valine-iV’-propyl. 

gies were used for species having the methyl, ethyl, and 
propyl spacers bonded to the WC-o-vatine and BUC- 
6-a&& derivatives. Only the most stable conformers 
were used for docking except in the case of WC- 
Praline-N’-n-propyiamide, where two effacers were 
used because there was only a small energy difference 
between them. 

The first docking strategy, shown in Figs. 2a and 2b. was 
based an observed NMR ~bifts.‘~ It was designed to maa- 
imize both the interaction between the carbonyt oxygen 
atom of the WC group and the hydrogen atom of the 
hydroxyl group of TFAE, and also the interaction between 
the hydrogen atom of the protected amine group and the 
anthryl ring. Different orientations were calculated in which 
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Figs. 2c and d. Views along the out-of-plane axis {z) and vertical axis (y) of an initial orientation of the 
second type involving (R) TFAE with By-D-valine-N’-n-propyl. 

the TFAE was rotated in 30” increments about the carbonyl orientations were extremely different from the initial ones. 
carbon atom of the BOC group, and the chiral carbon atom Therefore, other strategies were tried. 
of TFAE was kept fixed on the z-axis. Many of the final The orientations for the second docking strategy are 
minimi~d structures did not have large interaction energies shown in Figs. 2c and d. The points of interactions which 
for either of the assumed points of interaction, and the final were maximized were that of the carbonyi oxgyen atom of 
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Figs. 2e and f. Views of a starting orientation of the third type involving (R) TFAE with BOC- 
D-valine-N’-n-propyl along the out-of-plane axis (z) and the vertical axis (y). 

l-AL 36,1-2--D 
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(h) 

‘Figs. 2g and h. Views of a starting orientation of the fourth type involving (R) TFAE with BOC- 
D-vahne-N’-n-propyl along the out-of-plane axis (z) and the vertical axis (y). 

the BOC with the hydrogen atom of the hydroxyl group of carbonyl bond of the BOC group, with the chirat carbon 
TFAE and also that of the hydrogen atom of the amino atom of TFAE kept on the z-axis. 
group of the spacer with the anthryl ring. The anthryl ring Next, Figs. 2e and f show the orientations for the third 
in Fig. 2d was rotated in 45” increments with respect to the docking strategy. The points of interaction which were 
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maximized were that between the carbonyl group bound to 
the spacer and the hydroxyl hydrogen atom, and also that 
between the hydrogen atom of the ammo group of the 
spacer and the anthryl group. The anthryl group was 
maintained above the carbonyi bond. Locations of the 
solute were changed by I-A increments first in the x and 
then the y direction. 

Finally, Figs. 2g and h display the orientations for the 
fourth docking strategy. Here, interactions were maximized 
between the carbonyl oxygen atom bound to the spacer and 
the hydroxyl hydrogen atom as well as between the hydro- 
gen atom of the protected amine and the anthryl ring. The 
anthryl ring was again above the carbonyt bond, and the 
solute was moved in 1-A in~ements, first in the x and then 
in the y direction. This fourth docking strategy led to the 
most stable complexes. 

RESULTS AND DISCUSSION 

fndividuaf species 

As stated earlier, the emphasis in this work cen- 
tered around calculations involving the n-propyl de- 
rivatives; however, it was possible to save computer 
time in the chain-length study because several angles 
were common to the methyl and ethyl derivatives 
which were examined first. Tables 2 and 3a show the 
most stable conformers of angles 2 and 3 for N-BOC- 
D-valine-~‘-methylamide, and BDC-D-alanine-N’- 
methylamide. In both cases, the most stable con- 
former had angle 2 equal to approximately - 30” and 
angle 3, 120”; that conformer represented more than 
90% of the population. Then, angle I was minimized 
for the BOC-D-alanine-~-methylamide, with angles 2 
and 3 at the most stable values. Two conformers were 
found, at 0” and 180”, with the conformer at 0” more 
stable by 1.75 kcal/mole. With angles 1, 2 and 3 set 
at the most stable values, angle 4 of BOC- 
o-valine-N’-methylamide was examined. The most 
stable conformer had a value of 45% for angle 4 and 
represented 60% of the population. Table 3b lists the 
angles and energies of the other 3 conformers. 

The ethyl derivatives of both BOC-D-amino-acids 
were also examined. The values of the most stable 
conformers for angles 1, 2 and 3 for BOC-D- 
alanine-~-methylamide were used to examine values 
for angle 5. Tables 4a and b show that the most stable 
conformer was found to have angle 5 equal to 68” for 
the valine-derivative and 61” for the alanine. 

The propyl derivatives of the BOC-D-amino-acids 
have seven times as many conformers as the methyl 

Table 2. Four stable conformers involving angles 2 and 3 
in Fig. la for BOGn-alanine-IV’-methylamide calculated by 

MM2 if angle 1 is approximately 0 

Angle 2. Angle 3, E,* Population,t 
Conformer degrees degrees kcal/mole % 

1 -34 119 0.00 92.6 
2 174 -104 1.76 4.7 
3 -163 134 2.34 1.8 
4 42 6 2.76 0.9 

*Relative energy differences. 
tRelative percentage calculated from In K = E/RT. 

Table 3a. Four stable conformers involving angles 2 and 3 
in Fig. la for BOC-o-valine-N’-methylamide calculated by 

MM2 if angle 1 is approximately 0” 

Angle 2, Angle 3, E,* Population, 
Conformer degrees degrees kca~lmoIe % 

1 -30 126 0.00 94.8 
2 -153 138 2.14 2.6 
3 28 8 2.19 2.3 
4 163 -103 3.42 0.3 

*Relative energy difference. 

Tabfe 3b. Three stable conformers of angle 4 in Fig. 
la for BOC-D-vai~ne-~‘-methylamide if angles 1, 2 
and 3 are approximately 0, -30 and 126” re- 

spectively 

Angle 4, E,* Population, 
Conformer degrees kcal/mole % 

1 65 0.00 39.8 
2 -62 0.14 31.4 
3 174 0.19 28.8 

*Relative energy difference. 

derivatives, owing to the added dihedraf angles, 5 and 
6 (see Tables Sa and 6). For both the valine and 
alanine species, the most stable conformer had values 
of 60% for both angles 5 and 6. This conformer 
represented approximately 40% of the population for 
each species. Table 5b shows that, for BOD- 
o-valine-N-propylamide with its angles 5 and 6 equal 
to 60”, two conformers existed which were degenerate 
in energy when angle 4 was equal to 60” and 180”. 
Therefore, both of these were used for docking. 

Locating stable conformers of TFAE was simpler. 
Figure 1 b shows the two angles of interest for TFAE, 
7 and 8. The conformer with angle 7 equal to - 10” 
and 8 to 139” represented 95% of the total popu- 
lation. 

Docked pairs 

Only the most stable (R) and (S) conformers for 
each species were used for docking, except for the 

Table 4a. Two stable conformers of angle 5 in Fig. 
I b for BOGn-valine-N’-ethylamide if angles 1, 2, 3 

and 4 are 0, -30, 126 and 65” respectively 

Angle 5, E* Population, 
Conformer degrees kcallmole % 

1 68 0.00 69.2 
2 -64 0.48 30.8 

*Relative energy difference. 

Table 4b. Two stable conformers of angle 5 in Fig. 
1 b for BOGo-alanine-N’-ethylamide if angles I, 2 

and 3 are O”, -34” and 119” respectively 

Angie 5. E,’ Poputation, 
Conformer degrees ke~imole % 

I 61 0.00 69.6 
2 -64 0.49 30.4 

*Relative energy difference 
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Table Sa. Stable conformers of angles 5 and 6 in Fig. Id for 
WC-n-valine-n-propylamide if angles 1, 2, 3 and 4 are 

approximately 0, -30, 126 and 60” respectively 

Angle 5, Angle 6, E,* Population, 
Conformer decrees degrees kcalimole % 

I 60 63 
2 81 -51 
3 61 -179 
4 -63 -63 
5 -59 60 
6 -64 178 
7 180 180 

*Relative energy difference. 

0.00 50.5 
0.53 21.0 
0.85 12.0 
1.23 6.2 
1.25 6.1 
1.49 4.1 
3.97 0.06 

Table 5b. Stable conformers of angle 4 for BOC- 
D-valine-N’-propylamide if angles 1, 2, 3, 5 and 6 are 
approximately 0, -30, 126, 60 and 60” respectively 

Angle 4, .K* Population, 
Conformer degrees kcal/moC % 

1 66 0.00 46.7 
2 175 0.02 45.3 
3 -60 1.04 0.08 

*Relative energy difference. 

complexes of BOC-D-valine-N’-propylamide where 
the two conformers were docked. For each pair, 
only the most stable (R) and (S) complexes were 
compared. 

For TFAE docked with BOC-D-alanine- 
N’-propylamide, the energy difference between the 
(R) (- 29.23 kcal/mole) and (S) (- 29.28 kcal/mole), 
complexes was 0.05 kcal/mole, which is within the 

Table 6. Stable conformers of angles 5 and 6 of Fig. Id for 
BGC-D-alanine-N’-propylamide if angles 1, 2 and 3 are 

approximately 0, - 34 and 119” respectively 

Angle 5, Angle 6, E,* Population, 
Conformer degrees degrees kcal/mole % 

1 51 62 
2 81 -56 
3 59 -179 
4 -48 61 
5 -66 -64 
6 -63 178 
7 175 -111 

*Relative energy difference. 

0.00 45.5 
0.41 22.8 
0.91 11.6 
0.98 9.8 
1.21 5.7 
1.39 4.5 
3.86 0.07 

uncertainty of the program. Top and side views of the 
most stable orientations for these complexes, ob- 
tained by using the fourth docking strategy, are 
shown in Figs. 3a-d. The a-value calculated for 
TFAE on the alanine phase was 1.00, which is within 
experimental error of the chromatographic value, 
1.02. 

When the same docking strategy was used for the 
BOC-D-valine-N’-propylamide, the energy difference 
shown in Table 7 between the (R) and (S) complexes 
(Figs. 4a-d) was 0.52 kcal/mole when the conformer 
with angle 4 equal to 180” was examined. With the 
conformer with angle 4 equal to 60”, the difference 
(between the most stable complexes) was 0.18 
kcal/mole. In both cases, the (R) complex was the 
more stable; therefore, the (R) enantiomer should be 
retained longer than the (S), a prediction which 
agrees with experiment. 

On the basis of the calculations it can be concluded 
that the valine phase would be more effective than the 
alanine, and that (R) TFAE would be eluted later 
than (S) TFAE from the valine phase. Both predic- 
tions are indeed in agreement with experimental data. 

For the most stable pair of complexes involving 
BOC-D-valine-N’-propylamide, the contributions of 
several types of energies to the total calculated by 
MM2 are given in Table 7. The largest overall 
difference was for the non 1,4 van der Waals energy, 
which favored stability of the (R) complex by 0.66 
kcal/mole. The compression energy also favored the 
stability of the (R) complex, but only by 0.08 
kcal/mole. The other energy types slightly favored 
stability of the (S) complex; the largest effect was 
from the bending energy, but even that differed by 
merely 0.10 kcal/mole. 

Examining the energy of interaction between parts 
of TFAE with all of the Bm-D-valine-N- 
propylamide was informative. Table 8 shows that the 
largest differences of interaction were for the anthryl 
ring and the oxygen atom, which favored retention of 
the (R) enantiomer by 0.24 and 0.20 kcal/mole, 
respectively. The largest of the other differences was 
for the trifluoromethyl group, 0.06 kcal/mole, which 
also favored retention of the (R) enantiomer. The two 
largest interactions for both the (R) and (S) com- 

Table 7. Values (kcal/mole) for different types of energy involved in TFAE complexes with 
BOC-D-valine-N’-propylamide 

Energy type (R) TFAE complex* (S) TFAE complex* (R-S) complex? 

Non- I ,4 van der Waals - 21.49 - 26.83 -0.66 
Compression 2.33 2.41 -0.08 
Stretch-bend 0.53 0.54 +0.01 
Dipole -4.81 -4.83 +0.02 
I ,4 van der Waals 19.64 19.61 +0.03 
Torsion - 26.84 -26.91 +0.07 
Bending 7 90 7 80 +0.10 
Sum * -28.22 -0.52 

*Values rounded to two decimals. 
tA negative sign indicates that the interaction was stronger for (R) TFAE. 
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plexes were that for the anthryl ring and that for the 
hydrogen atom of the hydroxyl group, each of them 

hydroxyl hydrogen interaction did not (AE = 0.03 
kcal/rnole). 

with the entire species. Note, however, that the Similarly, Table 9 shows the parts of BOC- 
ahthryl interaction differentiated (AE = 0.24 kcali D-valine-N’-propylamide which interacted with 
mole) between the (R) and (S) species, whereas the TFAE in both the (R) and (S) complexes. The largest 

F 

Figs. 3a and b. Views along the out-of-plane axis (z) and the vertical axis (y) of the most stable complex 
of (S) TFAE with BOC-D-alanine-N’-n-propyl; E = -29.28 kcal/mole. 
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(d) 
Figs. 3c and d. Views of the most stable complex of (R) TFAE 

E = -29.23 lccal/mole. 
with By-D-alanine-~‘-n-propy~, 

two interactions which favored retention of respectively. The largest interaction which favored 
(R) TFAE more than (S) TFAE were for the iso- retention of (S) TFAE was that with the n-propyl 
propyl group and the carbonyl oxygen atom bonded group of the spacer. The (S) complex was favored by 
to the spacer. These stabilized the (R) complex more 0.96 kcal/mole. 
than the (S) complex by I .05 and 0.18 kcaljmole, Two other points, which interacted strongly with 
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both (R) and (S) TFAE but did not differentiate plexes, - 5.24 and - 5.16 kcal/mole, respectively. 
between them, were the hydrogen atom of the protecm However, these two functions did not significantly 
ted amine and the rerr-butyl group. In fact, the differentiate between the two mirror images, and 
hydrogen atom of the protected amine showed the simply stabilized the diastereomeric complexes while 
strongest interaction for both the fR) and (S) com- other functionals di~erentiated between them. 

Figs. 461 and b. Views of most stable complex af (S) TFAE with BOC~o-valine-N’-n-propyl, E = -28.22 
kcal/mole. 
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Figs. 4c and d. Views of the most stable complex of (R) TFAE with BOGo-valine-N’-n-propyl, 
E = -28.74 kcaljmote. 

It should be noted that the energy values calculated residual surface silanols and hydrophobic inter- 
from MM2 for the propyl derivative of valine predict actions with unreacted spacer. However, the MM2 
a larger a-value than that found experimentally. This calculations involving the n-propyl derivatives agreed 
should indeed be the case, since MM2 ignores factors quite closely with the chromatographic data for the 
which increase the retention times of both en- n-butyl spacer. For the BOC-n-vahne-N’-ethylamide 
antiomers but do not differentiate them, such as and -~‘-methylamide derivatives, the (R) complexes 
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Table 8. Energies (kcaI/moZe) of interaction between individual atoms or 
small groups of atoms in TFAE with the entire BGC-D-vahne- 

IV’-propylamide molecule 

Group (R) complex (S) complex (R-S) complex* 

Anthryl - 14.46 - 14.22 -0.24 
Oxygen -0.65 -0.45 -0.20 
Trifluoromethyl -0.31 -0.25 -0.06 
Hydroxyl hydrogen - 3.53 -3.50 -0.03 
Chiral carbon -0.34 -0.32 -0.02 
Ahphatic hydrogen -0.18 -0.21 +0.03 

*A negative sign indicates that the interaction was stronger for the (R) 
complex. 

Table 9. Energies (kcal/mofe) of interaction between individual atoms or 
small groups of atoms in BOC-o-valine-N’-propylamide with the entire 

TFAE molecule 

Group (R) complex (S) complex (R-S) complex* 

Isopropyl 
CarbonylO bonded to 

spacer 
N of protected amine 
H of protected amine 
Chiral C and H 
BOC carbonyl C 
Ether 0 
BOC carbony 
Carbonyl C of spacer 
H of amino spacer 
N of amino spacer 
rerr-Butyl 
n-Pronvl snacer 

-3.21 -2.16 -1.05 
-3.76 -3.58 -0.18 

-0.57 - 0.48 -0.09 
- 5.24 -5.16 -0.08 
-0.68 -0.62 -0.06 
-0.53 -0.50 -0.03 
-0.59 -0.57 -0.02 
-0.19 -0.19 0.00 
-0.56 -0.56 0.00 
-0.09 -0.10 +0.01 
-0.22 -0.24 +0.02 
-2.07 -2.10 + 0.03 
-1.75 -2.71 +0.96 

*A negative sign indicates that the interaction for the (R) complex was the 
more stable. 

were calculated to be more stable than the (S) com- 
plexes by 0.49 and 0.40 kcal/mole respectively. 

Calculations for the ethyl and methyl derivatives of 
alanine differed in major ways from those for the 
propyl derivative (Table 10) and thus from the experi- 
mental data for the butyl spacer. For the ethyl 
derivatives of alanine, the energy difference was 
calculated to be 0.50 kcal/mole, favoring greater 
retention of the (R) isomer; for the methyl derivatives 
the difference of 1.53 kcal/mole favored longer reten- 
tion of the (S) enantiomer than of the (R). Further- 
more, for either the methyl or ethyl derivatives, the 
alanine stationary phase was predicted to give a 
larger a-value than the valine phase. Thus, using the 
methyl or ethyl derivatives as an approximation 
yielded results which radically disagreed with the 
experimental data for the butyl spacer. 

Table 10. Calculated energy difference (kcul/mufe) as a 
function of spacer length 

Valine species Alanine species 

Soacer -- E* at E' at 

Methvl 0.40 1.97 -1.53 0.08 
Ethyl 0.49 2.29 0.50 2.33 
n-Propyl 0.52 2.41 -0.05 0.99 

*Value calculated from In K = E/RT. 
tValue less than 1 indicates the (S) complex was calculated 

to be more stable than the (R) complex. 

MM2 shows promise for examining the effects of 
structural changes of other chiral phases. Com- 
putational techniques can be extremely useful for 
design of stationary phases and finding the columns 
most suitable for resolving enantiomeric pairs. Fur- 
ther evidence for this has been found in our labora- 
tory with preliminary calculations involving non- 
bonded interactions for three other enantiomeric 
systems. In each case, the calculations agreed with the 
experimentally determined elution order. Moreover, 
the relative a-values were correctly predicted by these 
calculations.‘6 Hence in all five cases examined by our 
group, the calculations have agreed qualitatively with 
experimental data. 

CONCLUSION 

Our MM2 calculations have shown good qual- 
itative agreement with experimental results when they 
were based on use of a propyl group instead of the 
corresponding butyl spacer. In these calculations, the 
elution order was correctly predicted, and the selec- 
tivity of each stationary phase was predicted. Hence, 
there was good qualitative agreement between experi- 
ments and the values calculated by MM2 for the 
interactions of TFAE with BCC-D-amino-acid sta- 
tionary phases. In contrast, calculations based on 
methyl or ethyl as spacer group incorrectly predicted 



48 MIRON G. STILL and L. B. ROGERS 

the elution order in all but one case, and also the 
relative sizes of the a-values, thereby confirming the 
important role of the spacer in influencing the cl-value 
for a fractionation. 
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Summary-An air-carrier continuous analysis system (ACCAS) is introduced that permits the reaction 
of a fixed volume of a sample with fixed volumes of one or more reagents, either simultan~~ly or 
sequentially. ACCAS is envisioned as a complement to segmented continuous-flow analysis (SCFA) and 
flow-injection analysis (FIA). ACCAS is capable of high throughput rates (+ 3600 samples/hr) and low 
waste generation. 

Automation of liquid sample and reagent processing 
was revolutionized by Skeggs’ in 1957 with the 
invention of segmented continuous-flow analysis 
(SCFA). The commercial instrumentation introduced 
by the Technicon Corporation proved so successful 
that for years SCFA was identified with the trade 
name of the Technicon instrument, the Auto- 
Anaiyzer. Though the equipment for SCFA has 
undergone considerable development, the principle 
remains essentially the same, with the sample, gas for 
segmentation, and the reagents introduced into the 
flow system by peristaltic pumping at fixed rates, 
followed by signal detection. Although removal of 
the segmenting air by a debubbler prior to mea- 
surement dominated early practice, electronic gating 
of the detector output is now well-established and 
easily practiced.2-7 

Flow-injection analysis (FIA) involves intro- 
duction of a fixed volume of sample as a segment into 
an unsegmented reagent-bearing carrier stream 
flowing at a fixed flow-rate. The sample and the 
carrier are completely miscible, and the reaction 
product formed as the sample and reagent diffuse into 
one another, is measured in a flow-through detector 
after a preselected reaction time. 

Mottoia’ has attempted to trace the conceptual 
origin of unsegmented continuous-flow analysis, as in 
FIA. Enough evidence was presented to make readers 
wonder precisely where and when the technique was 
first invented. If the conceptual boundaries are fur- 
ther extended, it might be asked whether mea- 
surement of channel flow by multipoint downstream 
measurements following upstream injection of a con- 
centrated dye is also a form of unsegmented 
continuous-bow analysis, afbeit for determining a 
nonchemical parameter.g We believe it to be unques- 
tionable, however, that a scheme for automated 
unsegmented continuous-flow wet chemical analysis 
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first entered as a formal contender to SCFA only little 
more than a decade ago, in the papers by RGEka 
and Hansen” and Stewart, Reecher and Hare.” As 
the present decade draws to a close, we believe it 
fair to state that no two people have contributed 
more to make FIA what it is today than RPlliEka and 
Hansen,‘2*‘3 although it clearly extends far past the 
confines of their cont~butions alone. The credit due 
them must extend considerably beyond that for coin- 
ing the term flow-injection analysis; without their 
earty determined pursuit, FIA would not have risen 
to its present status, that of a formidable competitor 
to SCFA, despite early predictions that it would 
consume too much reagent or require too high a 
pumping pressure to be practical.14 Perusal of the 
resulting polemic’sz’ will disillusion anyone who 
believes that analytical chemistry is a dispassionate 
science. The intervening years have proven the valid- 
ity of Haldane’s concept” of the four sequential 
stages of acceptance. 

Comparisons of FIA and SCFA are meaningful 
only when single-point (e.g., peak height) mea- 
surements are made. FIA offers reproducible con- 
trolled dispersion, unattainable in SCFA, and 
thereby permits a variety of reproducible multipoint 
m~surements (generally classed under the term gra- 
dient FIA) for which no parallel exists in SCFA. 
While the most fertile and novel uses of FIA lie in 
gradient applications, the vast majority of FIA pub- 
lications (and likely an even larger majority of deter- 
minations performed) involve single-point mea- 
surements. Is FIA better than SCFA for such 
appli~tions? With respect to some of the parameters 
important to the practicing analyst, e.g., sample 
throughput rate, reagent consumption, etc., Snyder23 
theoretically predicted that SCFA should be superior 
for all but those reactions requiring only a few 
seconds. The diametrically opposite conclusion was 
reached by Rocks and Riley,” based on literature 
reports of comparable determinations performed by 
the two techniques. In a study deliberately designed 
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to compare the two techniques, Patton and Crouchz5 
found that for equilibrium-based spectrophotometric 
determinations, SCFA competes favorably with FIA, 
even for fast reactions, but noted that FIA is by far 
the simpler alternative in the limit. We believe that it 
is indeed simplicity and lower cost that allowed FIA 
such a wide entry to the average analytical laboratory 
and remain the leading reasons why there has been 
exponential growth of FIA-related publications for 
some time26 and the present annual publication rate 
of papers utilizing FIA is far higher than that of those 
utilizing SCFA. This is despite the fact that the ratio 
of the number of actual determinations made by FIA 
to that made by SCFA (for any kind of end-use 
except publication) appears to be far more modest. 

Dispersion, controlled and reproducible as it may 
be, is both the Samsonian mane and the Achillean 
heel of FIA. Unless techniques such as stopped-flow 
analysis or storage in a multiple-loop holding-valve 
system are used, sample dispersion plagues the utili- 
zation of FIA in situations that require long reaction 
times (minutes, rather than seconds). The means to 
limit sample dispersion as mentioned above are not 
without penalties: ~roughput rates and/or simplicity 
are sacrificed. Patton and Crouch ” conclude that for 
reactions requiring multiple reagent addition and/or 
>0.5 min reaction time, the increased complexity of 
SCFA may be offset by its high mixing efficiency, low 
dispersion and sample/reagent conservation. How- 
ever, they conclude that “the point at which this 
trade-off is reached is not clear-cut and the choice 
between the two complementary continuous flow 
techniques will be strongly influenced by the inge- 
nuity of the operators and their predisposition [to 
FIA and SCFA]“. 

Attempts to incorporate the advantages of the one 
technique into the other are not new. Mono- 
segmented flow analysis (MSFA) introduced by 
Pasquini and Oliveira, 27 for example, involves the use 
of a multiport multistack slider valve, essentially 
operated in a nested-loop configuration.2a This sys- 
tem introduces an air segment on either side of the 
intercalated sample segment, to limit dispersion in 
FIA, The loop-type injection valve commonly used 
in FIA was incorporated into the carrier stream of 
an SCFA system by Gardner and Malczyk29 to 
facilitate use of small sample volumes in SCFA. 
These systems show some dispersion, arrested by 
~gmentation from progressing. It has be-en pointed 
out that similar systems in which one reactant is 
injected into another and allowed to disperse, or 
separately injected dispersing reactant zones are 
merged, in each case followed by segmentation, may 
be particularly facile for kinetic studies suitable to the 
permissible time-scale, especially with multi- 
wavelength detection. 3o Of particular relevance to the 
present paper is the work of Attiyat and Christian.-” 
They used an immiscible fluid carrier, air, to trans- 
port a liquid sample to a detector; IOO-pl samples of 
a zinc solution were transported to an atomic- 

absorption spectrometer. A comparable water carrier 
FIA system suffers from considerable sample dis- 
persion, and gives only half the sensitivity (cali- 
bration slope). Throughput rates as high as 600/hr 
were possible. The authors were careful to point out 
that such systems can be used to carry out a reaction 
between a gaseous reagent and a liquid sample and 
may thus be of considerable value. 

In the present paper, we introduce the air-carrier 
continuous-analysis system (ACCAS) in a form that 
allows the reaction of a fixed volume of a sample with 
fixed volumes of one or more reagents introduced 
either simultaneously or sequentially, in a number of 
different modes. The technique was developed pri- 
marily with the goal of reducing the total amount of 
liquid waste generated per sample. ACCAS falls in 
between FIA and SCFA in more senses than one, and 
borrows heavily from both techniques. Predictably, it 
has its own advantages and disadvantages. We envi- 
sion ACCAS as a subclass of immiscible fluid-carrier 
continuous-analysis systems (IFCCAS). IFCCAS 
configurations, involving for example, injection of an 
aqueous sample into a carrier stream of methyl 
isobutyl ketone, have also been described by Attiyat 
and Christian.32 

PRINCIPLES 

Simultaneous introduction techiques 

Split-loop injection. The simplest ACCAS mode 
involves the use of two 3-way valves Vl and V2 
functioning as a loop injector33 operated in a split- 
loop configuration34 while a third 3-way valve V3 in 
concert controls the load/injection functions (Fig. 1). 
A suction pump P, e.g., a peristaltic pump operated 
in the aspiration mode, is used and its effluent is 
directed to waste. All three valves are switched in 
tandem. IThroughout this paper, we indicate the 
common port of such a valve by a solid line; the port 

VI 

Fig. 1. Simplest ACCAS configuration. VI-3: 3-way valves; 
S: sample, R: reagent; MC: mixing coil, D: detector, P: 

pump, W: waste. 
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Fig. 2. Injecting multiple contiguous segments with a split loop. V4-V6 on/off valves; other symbols as 
in Fig. 1. 

connected to the common line when the valve is 
energized is indicated by a dashed line (EC) and the 
port otherwise connected to the common line (CC) is 
shown by a line of open circles. The “normally 
open/normally closed” (NO/NC) nomenclature 
unfortunately has a diametrically opposite 
meaning in electronics to that in fluidics. Therefore, 
we use the terminology “commonly connected/ 
energized connected” (CC/EC) to avoid confusion]. 
With the valves in the EC mode, the pump aspirates 
sample and reagent and fills the lengths A and B of 
the loop, respectively, with the two liquids, any excess 
being aspirated through C and V3. Length C is kept 
short so that it can be completely filled with liquid 
during each load cycle without wasting undue 
amounts of sample and reagent (partial filling of C 
during the load cycle may result in poor precision). 
When the valves are de-energized, the pump draws 
the contiguous sample/reagent segment through a 
mixing coil MC which is a knotted tubular conduit.35 
The length of MC and the valve cycling period may 
be adjusted so that one or more sample/reagent seg- 
ments can be resident in MC at any particular instant, 
depending on the desired reaction time. Note that 
ACCAS does not necessarily involve continuous tlow 
simultaneously in all parts of a system. In the system 
above, for example, the liquid segments in MC 
abruptly stop as the valves are switched to the load 
mode. The mixed liquid segments eventually pass 
through the detector, and thence to waste. 

A minor modification of this system is necessary if 
there is a significant pressure difference between the 
reagent and sample. To avoid transfer of liquid from 
the higher to the lower pressure source during the 
time the two are in communication (all valves EC), 
two on/off valves V4 and VS are incorporated in the 
lines leading to the sample and the reagent, re- 
spectively. Valves 1 and 2 are then no longer operated 
in tandem. The sample is loaded by turning on VI, 
V3 and V4 and then the reagent is loaded by having 
only V2, V3 and V5 on. In another modification, 

applicable to process-analysis, the sample can typi- 
cally be made available from a regulated positive- 
pressure source. If the reagent is made available from 
a pneumatically pressurized source, the suction pump 
is no longer needed. The sample/reagent is moved by 
positive gas pressure from the CC port of Vl. A fixed 
constant gas pressure is usually inadequate; it is 
necessary to use an on/off valve to admit the pressur- 
izing driving gas in short bursts. Alternatively, a fixed 
pressure is used at the CC port of VI but an on/off 
valve fitted after the detector is used to control the 
exit of the liquid. 

A third modification of the system in Fig. 1 
involves the use of an electropneumatically driven 
6-port rotary loop valve with a split-loop in lieu of 
valves VI and V2. Compared to the system in Fig. 1, 
a lower total injected segment volume is attainable in 
this configuration. 

More extensive split looping is possible with a 
slightly more complex configuration. Figure 2 illus- 
trates such a system. The 3-way valves Vl, V2 and V3 
serve the same functions as in Fig. 1; on/off valves V4, 
VS and V6 are added to introduce three contiguous 
liquid segments of defined volume into one loop, 
regardless of any pressure difference between the 
sources of these liquids. With the system in the load 
position, V4, VS and V6 are sequentially turned on 
(one at a time) and respectively fill the lengths A, B 
and C. This contiguous liquid segment is delivered to 
the sysem during the injection mode. 

Fixed loop injection. The split-loop injection 
approach is simple but may lead to limited precision 
for very small injected volumes, because the interface 
zone between the two liquids, defined by the tee-port, 
may shift from run to run. A small-bore tee amelio- 
rates, but does not eliminate, the problem. Further, 
if the measurement is at all sensitive to the total 
reaction time, loading cycles must also be strictly 
controlled because the interfacial reaction has already 
started during the load period. It is therefore de- 
sirable to confine the sample and the reagent in 
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Fig. 3. A nested loop ACCAS system. VI, 2: PTFE rotary 
valves; V3: 3-way valve; other symbols as in Fig. 1. 

individual fixed loops but still inject them as con- 
tiguous segments. This is easily possible with a 
IO-port rotary valve;36 the ports (I-10) may, for 
example, be connected to: loop 1, liquid 1 inlet, liquid 
1 waste, loop 1, loop 2, liquid 2 inlet, liquid 2 waste, 
loop 2, upstream components, downstream com- 
ponents. In general, for contiguous injection of n 
individual liquids contained in n individual loops, a 
(4n + 2)-port valve is needed. (It is, of course, possi- 
ble to use all such valves in a split-loop configuration, 
effectively doubling the number of individual liquids 
a valve can handle, but with the attendant disadvan- 
tages of split-looping.) 

An alternative plumbing scheme to accomplish the 
same ends may utilize two 6-port valves in a nested 
loop configuration. *s An arrangement in which a 
6-port rotary valve Vl, nested within the sample loop 
of a similar outer valve V2, is used in tandem with a 
3-way valve V3 to allow fully automated 
load/injection functions with a single aspiration chan- 
nel, is shown in Fig. 3. Although the component 
2/component l/component 2 arrangement may ap- 
pear redundant, the leading and trailing volumes ot 
component 2 need not be identical. With long seg- 
ment lengths and short mixing lengths, the mixed 
segment is spatially inhomogeneous but yields a 
reproducible mixing profile since all variables are 
well-controlled. This makes gradient ACCAS possi- 
ble. In principle, the inner loop may also be an 
active-wall open tubular reactor, permitting 
differential analysis of the components of the sample 
loaded in V2, in much the same way that the original 
nested loop system was used for differential analysis 
in FIA with a discriminating packed-bed reactor.** 

Principal variations of the nested loop approach 
include operating the inner valve in a split-loop 
configuration. The substitution of an 8-port valve for 

Vl leads to the functional equivalent of a 1Cport 
valve and allows the contiguous injection of three 
individual liquids. 

Sequential introduction techniques 

Pulsed reagent introduction. We have previously 
described the use of membrane reactors in FIA, that 
are operated in an intermittent reagent-introduction 
mode.)’ The technique is functionally equivalent to 
reagent introduction at a tee by stop-go pumping but 
is simpler and typically leads to better precision. 
Briefly, the sample/carrier stream flows through a 
segment of a porous hydrophobic tubular membrane. 
The membrane is surrounded by a jacket tube and the 
annular volume within the jacket is in fluid commu- 
nication with an on/off valve, connected in turn to a 
pressurized reagent bottle. Energization of the valve 
causes reagent to be introduced through the mem- 
brane pores into the principal flow stream. Operation 
in the reversed flow-injection analysis (r-FIA) 
configuration3’ is the simplest; however, reagent in- 
troduction timed in concert with sample injection 
permits the functional equivalent of merging zones. 
The membrane essentially provides a diffusion barrier 
between the reagent and the principal flow-stream in 
this scheme. This technique can be used in a simpler 
and more elegant fashion in ACCAS. 

Because the fluid carrier, air, is immiscible with the 
sample, it is superfluous to incorporate membranes in 
the pulsed reagent-introduction scheme for ACCAS. 
It is sufficient to use a small-bore tee. Also, it is 
preferable to use active sensing of the presence of a 
liquid segment in the reagent-introduction tee to 
determine the appropriate time for reagent intro- 
duction, rather than to rely on timing. Although 
universally applicable optical schemes exist to detect 
the presence of an immiscible liquid segment by 
reflection at the interface, the simpler alternative of 
the measurement of electrical resistance provides very 
high reliability if the two immiscible fluids are air and 
a polar, relatively conductive, liquid.33 Since most 
ACCAS applications are likely to fall in this category, 
a simple pulsed reagent-introduction arrangement for 
ACCAS is shown in Fig. 4. The sample is introduced 
into a flowing air stream by valve VI (such as a 
six-port rotary loop injector or its functional equiv- 
alent). The injected liquid segment flows through a 
tee. Two platinum wire probes are sealed in, one in 
each long arm of the tee, and the electrical resistance 
between them is monitored. The short-arm of the tee 
is in fluid communication with a pressurized reagent 
reservoir via an on/off valve V2. When the injected 
liquid enters the tee and shorts the Pt-sensors, appro- 
priate electronic circuitry energizes valve V2 for a 
preselected period of time and thus introduces the 
reagent into the injected liquid segment. Further, 
following the actuation of V2, the circuitry ignores 
the status of the resistance between the sensors for 
another preselected period of time. This latter period 
at least equals or exceeds the residence time of the 
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Fig. 4. A pulsed reagent-introduction system in ACCAS. Inset shows platinum resistance probes located 
in the tee. Vl: six-port rotary loop injector; V2: on/off valve; G: pressure gauge; reagent bottle is 

pneumatically pressurized; other symbols as in Fig. I. 

injected liquid segment in the tee (whether the prin- 
cipal flow-stream is continuous as for the described 
arrangement, or intermittent, as would result from a 
single aspiration channel controlling both load and 
injection functions with the aid of an additional 
3-way valve). Without this provision, reagent will 
continue to be introduced. The injected liquid seg- 
ment containing the reagent introduced through the 
tee then flows through a mixing coil MC into the 
detector. The length of MC is adjusted according to 
the desired reaction time and thus may contain one 
or more segments at any given instant. 

Many useful variations of the pulsed reagent- 
introduction system are possible. Valve Vl may be a 
more complex system, used to introduce the sample 
contiguous to one or more liquid segments. A mixing 
coil is placed between Vl and the tee, such that mix- 
ing (total or partial) is achieved between these com- 
ponents before the pulsed reagent-introduction oc- 
curs. One or more pulsed reagent-introduction sys- 
tems may be sequentially linked by conduits 
representing the desired reaction time under the 
particular operating conditions, to perform se- 
quential multistep reagent-introduction. Highly per- 
meating reagents may be introduced through a non- 
porous permeable membrane,39d’ rather than 
through a tee; electronic control may not even be 
necessary for these cases since the reagent can be 
removed from the membrane surface only by a liquid 
segment. 

Valve-based sequential reagent introduction 

ACCAS is heavily dependent on the present avail- 
ability of relatively low-cost, low internal volume, 

fast-acting inert valves, and powerful micro- 
processors to govern their status. Incorporation of 
the ability to actively sense the presence of a liquid 
segment adds another dimension and makes possible 
sequential reagent-introduction by means other than 
pulsed introduction. 

An example is shown in Fig. 5. Valve VI is a 
electropneumatically actuated 6-port rotary loop 
valve operated in the split-loop configuration. V2 and 
V3 are on/off valves connected to the sample and 
reagent sources respectively and serve to prevent 
direct communication between them and allow re- 
liable loop-filling despite pressure differences between 
the two sources. V4 is an on/off valve that allows air 
to enter valve VI. VS is an on/off valve that allows 
fluid communication with a second reagent. Valves 
V6, V7 and V8 are 3-way valves; the first essentially 
governs load/injection functions; the latter two switch 
in tandem and are used to introduce the second 
reagent. A typical sequence of operation is depicted 
in Table 1. Steps 1 and 2 involve the loading 
of sample and reagent 1 respectively, each step 
occupying 4 sec. In step 3, the contiguous 
sample-reagent segment is drawn into mixing coil 1; 
the segment is mixed by this action. The step time (4.5 
set) is not long enough, however, for the segment to 
proceed beyond MCI, so it stops there. The status of 
V4 and V5 are now changed, so that during step 4 the 
pump draws reagent 2 through V8, the length V,, 
the short arm of the tee, and V6, V7. At the com- 
pletion of step 4, the right-hand and the bottom arms 
of the tee (see inset) are full of reagent 2. In step 5, 
V4 and V5 are changed in status again. This causes 
the mixed segment in MC1 to start moving towards 
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Fig. 5. ACCAS sequential reaction system. Vl: dpart rotary valve; V2-VS on/off valves; W-V& 3-way 
valves; other symbols as in Fig. 1. Inset shows location of Pt-probes in the tee. 

the tee. The leading air segment in front of the liquid 
segment moves any reagent 2 located in the short arm 
of the tee, so that the reagent 2 interface is essentially 
flush with the right side of the T-junction. As the 
segment continues to move in, it contacts reagent 2 
and begins to move toward the bottom port. The 
platinum probes are shorted at this point and this 
initiates step 6, which lasts for 8 set and causes the 
contiguous segment of (sample + reagent 1) and re- 
agent 2 to be drawn into mixing coil MC2 and 
eventually into the detector D. 

EXPFJUMENTAL 

A single-channel Ismatec model Mini-S 860 (8 rollers, 
fixed 60 rpm speed, Cole-Parmer, Chicago, IL) pump was 

used for all applications. PVC pump tubing (Elkay Prod- 
ucts, Shrewsburg, MA) was used for all pumping. 

Six-port rotary PTFE valves were Rheodyne model 5020 
equipped with model 5701 pneumatic actuators (Rheodyne 
Inc., Cotati, CA) and were actuated by 40 psig (2.8 kg/cm*) 
in-house compressed air delivered through a pair of 3-way 
solenoid valves (Skinner Valve, Model MBDO02, 12 V DC, 
New Britain, CT). The actuation times of these rotary valves 
were not explicitly measured but appeared to be substan- 
tially under 250 msec at the stated actuation pressure. 
On/off vafves, as used in ACCAS applications, do not, in 
general, need to be of especially low internal volume. We 
have used either normally off 2-way valves (model LFAA 
1201718H, ffuid contact parts silicone rubber and PTFE- 
coated stainless steel) or a similar 3-way valve (model LFAA 
1201618H) with the CC port closed off. These valves have 
a total internal volume of 99 ~1 and are actuated in under 
15 msec at the rated voltage (12 V dc, 490 mW, The Lee 
Company, Westbrook, CT). The preferred 3-way valve for 

Table 1. Temnoral oncration of the system in Fig. 5* 

Valve status 
step Time, 
No. set VI V2 V3 V4 V5 V6 VI V8 Function 

1 o-4 EC on off - - EC - - V, is loaded with sample 
2 4-8 OS on - - EC - - Vk, is loaded with reagent I 
3 8-12.5 g off off on off CC CC CC Sample and reagent 1 drawn 

from VI and mixed in MC 1; 
stop in MC 1 

4 12.5-15.5 CC off 0% off on CC CC CC Reagent 2 is loaded into 
V,,, reaction continues in 
MC 1 

5 15.5~18.0 CC off off on off CC CC CC First mixed segment enters 
tee and contacts V,, 

6t 18.0-26.0 CC off off on ofI CC EC EC First mixed segment and 
reagent 2 enter MC 2 
contiguously, en route to 
the detector 

*Absence of a specific status indication connotes that this valve status is not important for this step. The dotted line in 
the figure depicts the CC port, the dashed line the EC port. Off status for 2-way valves connotes no connection. 

tThis step is initiated by active sensing rather than by time, see text. 
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low internal volume applications was also a Lee valve 
(LFYA 12030328, all-fluorocarbon contact parts, 15 ~1 
internal volume, rated pressure 60 psig, actuation time 
under 25 msec at rated Dower: 12 V dc, 2 W). The mean time 
before failure for the -Lee valves is rated at between 10’ 
and 2 x lo8 switching cycles, depending on the valve type. 
In some applications it was possible to substitute less 
expensive all-PTFE 3-way valves of somewhat greater inter- 
nal volume (30 ~1) and lower pressure rating (20 psig) from 
a different manufacturer (model 075T3WMP. actuation 
time 15 msec at rated power: 12 V dc, 2.6 W; Bio-Chem 
Valve Corporation, East Hanover, NJ). The cost of the 
valves ranged from $35 for the on/off valves to $400 for the 
complete el~tropneumatically actuated 6-port rotary valve 
assembly. 

System control was accomplished with a programmable 
electronic timer (Micromaster LS, Minarik Electric, Los 
Angeles, CA). The timer provides control of eight indepen- 
dent contact closure switches and can monitor the logic 
status of sixteen different input channels and perform any 
common logical operation based on these inputs. It contains 
four independent sequential process controllers, each pro- 
viding 100 msec resolution, and one high-speed counter 
providing 10 msec resolution. The programming capacity is 
9999 steps and instructions can be stored on and down- 
loaded from magnetic media. Light-emitting diodes indicate 
the status of all input/output channels. Though pro- 
gramming the timer is relatively complicated, the device 
offers remarkable capabilities for its cost ($570). 

In this work, we have exclusively used home-built photo- 
detectors which utilize a short segment of a straight, 1.65 
mm id. thin wall glass tube as the final conduit to the 
detector as well as the flow cell. The diameter of the tube 
serves as the optical path. This design is functionally 
identical to that described by Sly et al.43 For many initial 
experiments, the previously described” filter photometer 
with this type of radial optical-path flow-cell was utilized. 
For the bulk of the experiments described here, however, an 
LED-based detector similar to the design of Sly et ~1.~) was 
used; the design is shown in Fig. 6. The detector housing D 
is an opaque female coupler for $28 threaded male nuts 
widely used in liquid chromatography and FIA. A hole of 
appropriate diameter is drilled through the middle of the 
coupler, perpendicular to the threaded aperture. The glass 
tube TT passes through this drilled hole; the detector 
housing can be moved along the tube. No. 004 O-rings (l/16 
in. thick, 13/64 in. diameter, 564 in. aperture, Midcap 
Bearing, Lubbock, TX) were inserted, one from each 
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Fig. 6. LED-based, radial optical-path detector. The too 
portion shows the external appearance, a glass tube 
(flow-cell) TT passinn through a $28 female counler D. The 
internal placement of components is shown in the lower 

portion. 

threaded side of D, and defined the optical aperture. The 
light source was a high brightness GaAlAs light-emitting 
diode (660 nm, rated optical output 5 mW at 20 mA) 
molded in a transparent epoxy case with a 2 mm diameter 
hemispherical lens-end termination (Type SSL- 
LX20583SRC Lumex, Inc., Palatine, IL). The LED was 
inserted from one threaded end of D and held in place by 
opaque epoxy adhesive. The LED was powered by a 
constant-current source” at 25 mA. Similarly, a photodiode 
(Type GI 112, Hamamatsu Corp. Middlesex, NJ) was in- 
serted at the other end of D and held in place by opaque 
epoxy adhesive. The photocurrent output was converted 
into a voltage output by a current-voltage converter and 
this circuitry also provided gain and offset controls before 
the final output.” The detector output was linear in trans- 
mittance; the data were manually converted into absorb- 
ance. Although the optical path-length attainable by this 
type of flow geometry is limited, it should be realized that 
a reduction in cell path-length does not cause a propor- 
tionate increase of the detection limit (in concentration 
units). 41 Detectors that utilize this flow geometry are com- 
mercially available (e.g., from JASCO, Inc.). The output 
data were acquired by an Apple Be microcomputer 
equipped with a It-bit A/D board and/or a strip-chart 
recorder (Knauer, Model TY-2). 

Reagents 

Unless otherwise stated, all solutions were prepared from 
analytical grade reagents in distilled demineralized water. 
Compositions are described under individ~l experiments. 

Experimental configurations 

All manifolds were made from PTFE tubing of various 
gages, and were of “standard” wall thickness (Zeus Indus- 
trial Products, Raritan, NJ); the stated diameters are the 
nominal values quoted by the manufacturer and were. not 
explicitly measured. In making mixing coils, we briefly 
investigated the mixing efficiency of different geometries, 
given the same length and diameter of the conduit. Single- 
bead string reactors” or loosely filament-filled tubes led to 
extensive shattering of liquid segments. In open tubular 
mixers, tightly coiled helices produced much better mixing 
than straight tubes, and mixing produced by knotted 
conduits35 was still more efficient. The knotted tubes in- 
volved closely spaced successive knots. Typical dimensions 
of the ellipsoid knots were l-l.5 cm in the major axis and 
0.8-l cm in the minor axis. Frequent shattering of segments 
also resulted from abrupt diameter mismatches if different 
tubing diameters were used in the flow system. Tapering the 
larger bore tubing to match the bore of the smaller one is 
necessary for successful coupling. (Tapering to match the 
bores of two different diameter conduits was also found 
necessary to improve reproducibilities in FIA based on peak 
width measurement.&) Individual experimental systems are 
described below. 

Experimental systems 

Experimental system 1 utilized the configuration of Fig. 
1. Loop lengths A and B were 6.2 cm long, 0.56 mm id. 
tubes, so, including the internal volumes of VI and V2 (7.4 
~1 per passage) the sample and reagent volumes were -23 
gl each. The pump aspiration rate was 1.75 ml/min. The 
mixing coil was 40 cm of 1.1 mm i.d. knotted conduit (380 
~1 residence volume). Two different experiments were con- 
ducted: 0.14.75mM ferric nitrate slightly acidified with 
dilute nitric acid was used as the sample and 0.5mM 
Methylthymol Blue (MTB) containing 8OmM acetic acid 
and 20% v/v 2-propanol (as wetting agent) was used as the 
reagent. Both ML and M,L are formed under these condi- 
tions and the reaction is far from instantaneous. Although 
the mixing coil was long enough to accommodate up to 8 
sample/reagent mixed segments, the system was operated 
with a load period of 2 set and an injection period of 13 set, 
resulting in only one segment being resident in the mixing 

TAL. 36,,.2--E 
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coil at any given time, and a throughput rate of 240 
samples/hr (experiment la). 

In the second experiment utilizing the same configuration, 
the lengths A and B were reduced to 3.6 cm each of 0.3 mm 
id. tubing (resulting in sample/reagent volumes of 10 ~1 
each) and the mixing coil was reduced to 8 cm of a 0.8 mm 
id. knotted tube (2 knots, residence volume -40 ~1). The 
chemical system involved a fast reaction, 0.20M cupric 
sulphate containing O.lOM sulphuric acid as sample, and 
2M ammonia solution as reagent. The load and injection 
periods were 1 .O and 1.0 set respectively, resulting in a 
throughput rate of 1800 samples/hr (experiment 1 b). 

The second experimental configuration utilized a six-port 
rotary valve to substitute for valves VI and V2 in a 
split-loop configuration. The sample and reagent volumes 
were 8.6 ~1 each (3.5 cm long, 0.56 mm i.d. tubing) with a 
mixing coil of 40 ~1 residence volume (8 cm, 0.8 mm i.d. 
tubing) and a pump aspiration rate of 2 ml/min. Load and 
injection cycles were I set each, resulting in a sample 
throughput rate of 1800/hr. The cupric sulphateammonia 
reaction was studied (experiment 2). 

The third experimental configuration involved a nested 
loop with two rotary valves (Fig. 3, but without V3, and 
load/injection operation was not automated). The inner 
loop was 19 ~1 in volume and each of the outer loops was 
also 19 ~1 in volume (0.56 mm id. tubing, includes valve 
port internal volumes). Cupric sulphate and ammonia solu- 
tions were utilized as the sample and reagent; loading and 
injection were manual. The pump was operated in a 
positive-pressure pumping mode (air 3 ml/min). The mixing 
coil was 40 ~1 in volume (0.8 mm i.d., 8 cm). Manual 
operation precluded high throughput rates; a nominal 
throughput rate of _ lOO/hr was studied (experiment 3a). 

The nested loop configuration was also studied for the 
applicability of gradient ACCAS, with long loops. The inner 
loop volume for this application was 40 ~1, the leading outer 
loop 75 ~1 and the trailing outer loop 150 ~1, all made from 
0.8 mm i.d. tubing. The mixing coil for this application was 
280 ~1 in volume (I .O mm id. tube, 36 cm long, 5 or 6 knots) 
with the air carrier flowing at 1.76 ml/min. The sample, 
loaded into the inner loop, was a solution of Methylene Blue 
(IO-‘-2 x 10m3 w/v %, in water) and it was allowed to 
disperse into leading and trailing segments of water (experi- 
ment 3b). 

Pulsed reagent-introduction was studied in a number of 
different configurations; essentially the same reproducibility 
was observed in the different modes. Results are described 
for the system shown in Fig. 4, operated at a throughput 
rate of 3520/hr for the Fe’+-MTB reaction system; the 
reaction was incomplete at the time of measurement. The 
sample (Fe’+) volume was 27 ~1, including valve internal 
volume. The mixing coil was 280 ~1 (36 cm, 1.0 mm id.). 
The pump aspiration rate was 3 ml/min. 2-Propanol and/or 
zonyl FSN (a fluorocarbon surfactant, DuPont, 1 PI/ml) 
was necessary in the reagent formulation (see experiment la) 
for better wettability. The reagent was pressurized under 10 
psig pneumatic pressure and sufficient 0.3 mm id. restriction 
tubing was added between the outlet of valve V2 and the tee 
to obtain reagent addition in _ 3-p I increments for 100 msec 
actuation time of the valve (experiment 4). 

Results for valve-based sequential reagent-introduction 
are described for the experimental system shown in Fig. 5; 
the timing sequence described in Table 1 was used. The 
chemical system involved the determination of salicylic acid 
by the Berthelot reaction. The ternary reaction between a 
phenol, an amine (ammonia) and a suitable oxidant (hypo- 
chlorite) best proceeds if the amine is first added to the 
phenol.“’ The split-loop of Vl (0.8 mm id. tubing) was 
asymmetric; 123.~1 of sample and 17 ~1 of reagent l-(O.lM 
ammonium chloride, 4% w/v Na,EDTA, 0.50M sodium 
hydroxide and 1% w/v sodium nitroprusside, the last func- 
tioning as a catalyst; prepared fresh daily) are delivered by 
this valve to MCI (8 cm of 0.8 mm i.d. tube + 30 cm of 1. I 

mm id. tube, total residence volume 325 ~1). The length V,, 
was 14 cm of 0.8 mm id. tube (70 ~1) and reagent 2 was a 
4.5% v/v solution of the commercial bleach Cl&ox (5.25% 
w/v NaOCl). The second mixina coil was 191 cm of 1.1 mm 
id. tubing in addition to a 31rcm 0.8 mm i.d. tube (total 
residence volume 1970 ~1). With a pump aspiration rate of 
3 ml/min, the particular timing sequence described in Table 
I resulted in a first step reaction time of _ 10 set and a 
second step reaction time of u 130 set, with a throughput 
rate of 135 samples/hr. Salicylic acid solutions 
(0.001~.004% w/v) were used as the sample (experiment 5). 

Segment -sensing an automated pulsed reagent-introduction 

The sensing of a polar liquid segment is accomplished by 
the “bubble-gate” described in more detail elsewhere:” the 
sensor resistance is one arm of a bridge circuit, and an 
adjustable potentiometer is another arm and governs the 
tripping point. The bridge output is fed to a voltage compara- 
tor such that the comparator output goes high as the sensor 
resistance goes below the tripping point. This output can be 
directly used by the Micromaster LS to start its own ladder 
program, which for example, introduces a reagent for 200 
msec by turning on a valve and then waits another 500 msec 
before returning to the principal program. It is also possible 
to use the sensor output to perform a similar function 
without relying on the logic capability of the timer; a simpler 
timer can be used, for example with the schematic shown in 
Fig. 7. 

The resistance between the P&probes, shown in a fixed 
trip-point configuration, governs the output of the voltage 
comparator Ul. As the sensor resistance goes low, Ql 
conducts, Kl closes, and initiates the timing cycles of the 
555-type timers U2 and U3. The on-period of U2, selected 
by the 91 kR resistor and the I PF capacitor, is 100 msec 
(1.1 RC) and relay K2 is energized for this period, delivering 
reagent through the valve. Relay K3 is also simultaneously 
energized by U3, its period (0.2-10 set) being selected by the 
1000 PF capacitor and the switch-selectable (SW]) resistor 
bank. This operation is depicted in Fig. 8. 

RESULTS AND DISCUSSlON 

We would emphasize that the present paper is 
essentially a feasibility study of the ACCAS concept. 
None of the systems described was optimized with 
respect to sample/reagent volumes, reactor 
lengths/volumes or other physical/chemical 
configurational details. 

Data discrimination 

The conductivity-based “bubble-gate” was first 
used to control data acquisition2 and the present 
version has also been used for a similar purpose.” 
During the present work, we found that a short piece 
of porous membrane tubing performs reliable deseg- 
mentation when positive pressure pumping is used 
(as opposed to aspiration). However, measurement 
without recourse to desegmentation was judged to be 
preferable. The periodicity of the liquid/air segments 
can be exploited for this purpose’ and active sensing 
is no longer needed in this approach. However, 
reasonably precise timing is still required. These 
approaches were developed primarily to govern data 
output to a strip-chart recorder. With a continuous 
data-acquisition system having a reasonable com- 
puting speed, a more flexible approach is feasible. 
Referring, for example, to an experiment where the 
flow through the detector is continuous (e.g., experi- 
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Ul : ECGSlS 
U2 : ECG S55M 
U3: ECG S55M 
Qt : ECG 123 
02 : ECG 272 

RESET 

Fig. 7. Schematic of circuitry used for automated pulsed reagent-introduction. 

ment 4), let us assume that the measurement occurs 
10 set after sample injection and that 2 set are 
required for the liquid segment to pass through the 
detector. The data-acquisition system is triggered 9.5 
set after the sample injection and acquires data for 
3.125 set (50 points per set at a sampling rate of 16 
points/set). Software then sorts the data in order of 
their numerical values in each individual set and 
keeps only a few points in the middle for further 
consideration (e.g., delete top 25, bottom 19 and keep 
6) and calculates the mean and standard deviation for 
the remaining points. If replicate samples are ana- 
lyzed, the software can be instructed to compute 
mean of means and the resulting standard deviation. 
An illustrative output is shown in Table 2. Such a 
system permits considerable leeway in the precision 
of sample arrival at a specific time. As long as the 
majority of the collected points represent readings on 

the liquid segment, rather than the air segment, the 
principle can be practiced. 

Software-based postprocessing of data can also be 
used with uninterrupted continuous data-acquisition 
without any regard to periodicity. The air segments 
represent some finite constant absorbance (higher 
than a water blank), owing to reflection losses at the 
glass/air interfaces. It is trivial to distinguish between 
these absorbances and the absorbance of the sample, 
for all but those sample absorbances that are very 
close to the absorbance reading resulting from the air 
segments. Even in the latter case, we have observed 
that as long as the detector time constant is not 
prohibitively long, the detector clearly registers the 
passage of a liquid/gas interface as a “glitch”, the 
interface reflecting light away from the photosensor, 
resulting in a transient absorbance higher than that 
of either of the pure segments (see for example, Fig. 
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Table 2. Example of output 

NUMBER OF POINTS/SAMPLE: 50 
DELETE FIRST: 25 
DELETE LAST: 19 
NUMBER OF SAMPLES: 5 
FULL SCALE = 2 VOLTS 

FILE: FE IE-4 FILE: FE 5E-4 
SAMPLE MEAN STD SAMPLE MEAN STD 

1 0.3580 0 I 1.6096 8.6E-04 
2 0.3662 4.88-04 2 1.6097 3.7E-04 
3 0.3610 2.OE-04 3 I .5947 9.OE-04 
4 0.3509 4.IE-04 4 1.6321 1.3E-03 
5 0.3572 2.5E-04 5 1.6399 5.91E-04 

* 0.3587 5.6E-03 * 1.6172 0.0184 

FILE: FE 2.5 E-4 FILE: FE 7.5E-4 
SAMPLE MEAN STD SAMPLE MEAN STD 

1 0.8943 0 I 1.8596 1.3E-03 
2 0.8392 2.5E-04 2 1.8752 1.6E-03 
3 0.884 0 3 1.0586 1.2E-03 
4 0.8667 2.5E-04 4 2.8590 6.7E-04 
5 0.8488 2.OE-04 5 1.8698 1 .OE-03 

* 0.8675 0.0240 * I .8644 7.6E-03 

9). Obviously, if each interface is recognized, it is 
simple to identify the sample readings properly. 

There is, however, a basic difference in the way the 
segments are formed in SCFA and IFCCAS; segment 
identification can be much simpler in IFCCAS. In- 
creasing the air flow-rate in SCFA primarily increases 
the segmentation frequency rather than the size of the 
air segment. In IFCCAS, the size of the immiscible 
fluid segment is dependent on system timing; each 
measurement segment (as opposed to the partioning 
segment) represents a sample in its entirety rather 
than a portion of a sample. In the preferred em- 
bodiment of ACCAS as shown, load and injection 
functions are controlled by a valve and a single 
aspiration channel. This results in intermittent, rather 
than continuous, flow through the detector. The 
detector has enough mobility for its precise location 
to be adjusted so that when the flow through the 
detector stops, a sample segment, rather than a 
partioning segment, will be resident therein. An ap- 
propriate timing sequence then ensures that the total 
time over which the sample is read is significantly 
different (typically longer) from the reading period 

for the partitioning fluid. The identification of the 
sample readings, whether visually on a strip chart or 
for software-based postprocessing, then becomes a 
simple task. 

Performance parameters 

In experiment la, the absorbances (f s.d., n = 5) 
measured for Fe3+ = 0. I, 0.25, 0.5 and 0.75mM were 
found to be 0.059 f 0.001, 0.179 f 0.06, 0.453 + 
0.010, 0.602 f 0.005. The last three points have a 
good linear correlation (0.99) because the M, L com- 
plex is predominantly formed; the most dilute sample 
allows significant formation of ML and its absorb- 
ance diverges substantially from this linearity. 

In experiment lb, 0.00, 0.05, 0.10 and 0.20M Cuz+ 
samples yielded absorbances (fs.d., n 2 20) of 
0.000 + 0.000, 0.190 + 0.005, 0.378 f 0.008, 0.761 f 
0.021, resulting in a highly linear (correlation 
coefficient >0.999) response plot. Total liquid waste 
generated per sample was -20 ~1. Figures 9 and IO 
shows typical chart output at high and low chart 
speed. 

In experiment 2, essentially the same performance 
as for experiment 1 b was observed, except that the 
reproducibility appeared to be better [e.g., 0.8% RSD 
for the 0.20M sample (n = 78) compared to 2.8% 
RSD for the corresponding sample in experiment 1 b]. 
Waste generated per sample was also smaller. 

Experiment 3a, involving the same chemical sys- 
tem, also showed excellent linearity (correlation 
coefficient > 0.999), and consistently high precision 
(typically better than 1% RSD). 

Experiment 3b, gradient ACCAS, produces a chart 
output illustrated in Fig. I I. The reproducibility of 
the temporal value of the sample absorbance (t = 0 
means initiation of reading the liquid segment) was 
calculated for various time points. A typical set of 
absorbances for 0.002% Methylene Blue solution for 
t = 0, 2.5, 5.0, 7.5, 10.0 set was 0.124 f0.002, 
0.097 + 0.002, 0.067 + 0.003, 0.053 f 0.003 and 
0.050 f 0.002 respectively. These time points corre- 
spond to dilution factors of 3.39, 4.33, 6.27, 7.92 and 
8.40 respectively. 

Precision for the results from experiment 4, the 
pulsed reagent-introduction system, averaged 3% 

G > 0.6~s 

CONDUCTANCE SENSOR 

VALVE (K2) : * 100mrac 

i 

IGNORE Bubble gate 
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; . 
. 200mrec-101.~ delay 

I 

Fig. 8. Event diagram for pulsed reagent-introduction. 
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Fig. 9. High-speed chart record of an ACCAS output 
for 1800 samples/hr. The dashed lines indicate pen transi- 
tions from one segment to another; the speed of this 
transition is too high for a consistently legible record. Note 
that the passage of the interface through the detection zone 

results in a spike before either segment. 

RSD over a large number of experiments. Operating 
the system at different sample throughput rates did 
not seem to affect the reproducibility much. 

Experiment 5 was the only run described here in 
which the throughput rate was low enough for carry- 
over to be measured by manual transfer of the sample 
intake tube to a new sample container. No leading 
bubble was introduced at the sample inlet to min- 
imize carry-over. Precision and carry-over under 
these conditions are exemplified by the following 
results for the experimental run of quadruplicate 
samples of 0.001, 0.002, 0.003 and 0.004% w/v 
salicylic acid, following initialization with water. The 
absorbances obtained were: 0.0256, 0.0309, 0.0309, 
0.0309; 0.0715; 0.0745, 0.0745, 0.0745; 0.120, 0.123, 
0.123, 0.123; 0.170, 0.174, 0.174, 0.174. The effect of 
carry-over is evident in the first sample in each set; 
equally evident is the excellent precision observed if 
the first point in each set is excluded. (Such exclusion 
also leads to a highly linear response plot, with a 
linear correlation coefficient better than 0.999). 

I . . . . . . . . . . . . . . . . . . . . . . . . . . . . I . . . . . .F. -_ _____--_-_--_‘-----_ 

O.lOM cu2+ 

_ 0.20 M 

Fig. 10. ACCAS output at 1800 samples/hr; the sample was 
changed from 0.05 to 0.10 to 0.20M Cu*+ during the run. 
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Fig. II. Gradient ACCAS chart record, see text for details. 

We are unable to provide carry-over data for most 
of the other systems at this time. True measurement 
of carry-over in a completely automated system is 
only possible with an autosampler and will include, 
probably as a significant portion, any contribution 
from the autosampler. It is also evident that some of 
the high analytical throughput rates cannot be mean- 
ingfully exploited without a device capable of sup- 
plying a new sample to the ACCAS unit at speeds 
considerably in excess of that attainable with any 
commercial autosampler now available. While it is 
presumably possible to perform analysis of a process 
stream by using the full throughput rate capability of 
ACCAS, we are unaware of any real process analysis 
needs that call for an analytical update every second. 
There are, however, situations where the high speed 
of ACCAS may be profitably utilized. Such examples 
may include profiling of mixing patterns in a mixing 
tank with a high-speed impeller, nutrient profiling of 
a large lake, and rapid identification of any unusual 
localized concentrations by an on-board instrument 
on a boat, tracking of a plume by means of an 
instrument (carried on an aircraft) utilizing gas-liquid 
reactions, etc. 

Carry-over is also dependent on the concentration 
and nature of the wetting agents used, the total length 
and nature of construction of the conduit, and the 
individual segment volume. We believe that carry- 
over in ACCAS primarily results from adherence of 
microdroplets at all discontinuities (which are gener- 
ally dependent on the construction details of the 
manifold) and since these droplets are incorporated 
in the next liquid segment, a smaller segment volume 
increases carry-over. Our experience indicates that 
when utilizing manifolds such as those described in 
these experiments, it will be difficult to reduce carry- 
over below 5% for most typical cases. Carryover will 
doubtless be affected by the use of conduits more 
wettable than PTFE, and special construction of 
uniform-bore manifolds. We suspect that a better 
solution is to use an alternative form of IFCCAS. 
One of the heavier liquid perfluorocarbons, for exam- 
ple, can be used as the segmenting fluid and 
since phase separation would automatically occur in 
the waste container, continuous recycling of the 
segmenting fluid should be possible. The use of a 
liquid, rather than a gas, should also improve pre- 
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cision of reaction times because of the far lower 
compressibility of a liquid. 

Although it is possible to carry out gradient AC- 
CAS, the reproducibility is relatively poor. Fairly 
large volumes are also involved. Reproducibility de- 
teriorates with much smaller segment lengths; to 
perform a meaningful reduction in the volumes in- 
volved, the conduit bore (and cell path-length) may 
need to be reduced. It is doubtful whether ACCAS 
can compete favorably with FIA for such applica- 
tions. Gradient IFCCAS may actually be of particu- 
lar value in gas-liquid reactions as foreseen by Atti- 
yat and Christian3’ e.g., for the analysis of gaseous 
process streams where analytes of interest often show 
a large temporal variability (e.g., sulfur compounds 
in refinery sour gases). With a small gas segment and 
long liquid segment, the potential of a quasi- 
equivalent of a peak-width FIA system seems attrac- 
tive. 

At the present time, it is not clear how many of the 
more complex operations, e.g., solvent extraction, 
dialysis, gas diffusion, ion-exchange, etc., which are 
easily practiced by one or both of SCFA and FIA, 
can be incorporated into ACCAS/IFCCAS systems. 
For the simpler applications, ACCAS has the unique 
ability to deal with a multiplicity of individual liquids 
with a single pump channel; even an evacuated bottle 
with a vacuum regulator can be successfully used. 
The price of this simplicity is a heavier reliance on 
valves and microprocessor-based timing, albeit the 
cost of the additional valves is lower than that of an 
additional independently controlled pump channel. 
However, low internal-volume valves, while ex- 
tremely rugged when properly operated, are particu- 
larly susceptible to fouling by particulate matter and 
in-line filtration may be necessary in some applica- 
tions. For more complex reaction schemes such as 
that implemented in the system shown in Fig. 5, the 
complexity of the system configuration (and thus the 
probability of eventual failure, which must increase 
markedly when more than a certain number of 
individual electromechanical devices are used) can be 
substantially reduced by utilizing multiple pump- 
channels and/or a limited number of multiport 
valves. A single 2-position 20-port valve can, for 
example, be used to implement the scheme shown in 
Fig 5. 

At least in its present form, ACCAS suffers more 
from carry-over problems than does FIA or SCFA. 
Neither of the established techniques can compare 
with ACCAS in attainable throughput rates, however, 
and for most simple applications ACCAS compares 
favorably with these techniques in terms of the total 
volume of liquid waste generated. 
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Summary-Industrial analytical chemistry includes the measurement of the elemental composition and 
structure of molecules; the measurement of the concentration of specific molecules, atoms, and ions in 
contact with other molecules, atoms, and ions, the measurement of the energy and speed with which these 
reactions occur; and the separation of molecules, atoms, and ions specifically from other molecules, atoms 
and ions. It is also the measurement of the physical (interaction) and chemical (reaction) behavior of 
collections of molecules and how this behavior is controlled by the presence of other molecules and ions. 
Many excellent devices for separation and measurement have been developed to accomplish these tasks. 
Bach of these attains a level of sensitivity and selectivity beyond which further improvement would be 
difficult. However, by coupling these techniques in various configurations, improved data can be generated 
in a short time span. Such techniques are often referred to as hyphenated, tandem, combined, or coupled. 
A more inclusive term is multidimensional techniques. In this paper, we briefly describe some of the most 
significant developments our laboratory has made in these and related techniques. 

GAS AND LIQUID 
CHROMATOGRAPHY/ MASS SPECTROMETRY 

Mass spectrometry has had a long and rich 
history within Dow research laboratories. Pioneering 
efforts at structure correlation by Fred McLafferty, 
at that time a Dow researcher, led to the discovery 
of the so-called McLafferty rearrangement. ’ 
Later, instrumental developments by Roland Gohlke 
resulted in possibly the earliest successful implemen- 
tation of GC/MS (gas chromatography/mass spec- 
trometry).’ As environmental awareness increased, 
Dow became recognized as a leader in the develop- 
ment of ultratrace analytical methodology utilizing 
GC/MS for final detection.’ 

More recently, our laboratory has been conducting 
research in the area of combined high-performance 
liquid chromatography/mass spectrometry (HPLC/ 
MS) in an effort to utilize state-of-the-art interface 
designs for problem-solving in an industrial environ- 
ment. Within the past few years improvements in 
commercially available LC interfaces have 
contributed substantially toward making LC/MS a 
powerful analytical tool. We describe here some 
results obtained by using two different approaches, 
namely, the thermospray and moving belt interfaces. 

The thermospray (TSP) technique was pioneered 
by Vestal and coworkers.4*5 It offers the unique 
advantage of providing useful mass spectral data for 
many nonvolatile and thermally labile compounds 
with use of flow-rates and sample sizes similar to 
those commonly used in conventional HPLC. This 

*Author for correspondence. 

allows direct implementation of many reversed-phase 
separation methods. Since TSP generates a high yield 
of pseudomolecular ions with little fragmentation, 
many of our early applications of TSP LC/MS were 
directed toward target compound analysis. 

TSP LC/MS analysis was applied successfully in 
the assay of a heat-sensitive urinary metabolite (I) of 
MDL-257 (II) and its labeled analog in urine. The 
parent compound MDL-257, a bronchodilator cur- 
rently under clinical trials, had been labeled in the 
piperidine ring (D,,) and used along with unlabeled 
material in a bioavailability study. The major metab- 
olite (I) is thermally unstable and several attempts by 
conventional ionization methods caused decom- 
position to compound III (Scheme 1). 

A typical LC/MS total ion chromatogram of 
a urine sample for the assay of the labeled and 
unlabeled metabolite (I) is shown in Fig. 1. The mass 
spectrum of peak A (Fig. 2) shows the mixture of 
unlabeled metabolite (I) at m/z 250 and its deuterated 
analogs at m/z 256, 257 and 258 without any 
significant decomposition at m/z 232. Peak B was an 
analog of (I) with an additional CH,-group in the 
piperidine ring (m/z 264), that was used as an internal 
standard. 

The TSP LC/MS technique was found to be su- 
perior to the moving-belt interface for the deter- 
mination of acrylamide in sugar.6 Acrylamide was 
derivatized to dibromopropionamide and separated 
by multidimensional reversed-phase liquid chro- 
matography. It was then possible to provide quan- 
titative information on this thermally labile 
compound by TSP LC/MS. Similarly, TSP ion- 
exchange LC/MS played a key role in the 
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characterization of thermally labile acrylic acid 
oligomers.’ 

A disadvantage of the TSP technique for structure 
elucidation is that it yields mainly cationized molecu- 
lar ions and only a few fragments. However, mass 
spectrometry/mass spectrometry (MS/MS) has been 
utilized extensively in conjunction with TSP to pro- 
vide qualitative identification of unknown com- 
ponents. For example, an unknown additive was 
separated from a polymer sample and identified as 
didecyl phthalate (Fig. 3). The daughter ion mass 
spectrum (Fig. 4) of the protonated molecular ion 

RIC 

CH3 

(Ill) 
MW 231 

(m/z 447) afforded adequate structural information 
for identification of this material. An alternative 
method for generating additional structural informa- 
tion was discovered at Dow while conducting re- 
search in the area of auxiliary ionization in TSP. 
Under certain conditions, application of electric fields 
in the skimmer cone region of a TSP source could 
cause fragmentation of otherwise stable pseudo- 
molecular ions.* The electric field was applied by 
using an existing repeller electrode in a Finnigan TSP 
source (Fig. 5) and could produce an adjustable 
degree of fragmentation. At high potentials (> 200 

I 
1 I t 1 

SfanS 200 400 600 
Time (mini 

800 
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Fig. I. LC/MS total ion chromatogram of a urine sample: column, 15 cm x 4.6 mm Spherisorb HPLC; 
eluent, H,O:CH,OH (60:40),0.05Mammonium acetate, 0.01% acetic acid, I ml/min; post-column buffer. 

0.5M ammonium formate in water, 0.3 ml/min. 
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Fig. 2. Thermospray ionization mass spectrum of peak A. 

V/cm) extensive fragmentation of normally stable 
polycyclic aromatic compounds could be induced, as 
shown in Fig. 6. This methodology, however, appears 
limited to situations where nonbuffered eluents are 
employed, since the presence of appreciable levels of 
electrolytes in the LC eluent interferes with this 
process and prevents fragmentation. 

Two types of moving belt interface have been 
used for most of our applications. Initially an inter- 
face to a Finnigan-MAT 4500 quadrupole MS was 
utilized and the solute was vaporized outside the ion 
source9 and later the other interface was fitted to a 
VG-SE double-focusing instrument where the flash 
vaporization of the solute occurred inside the ion 
source. 

The moving belt interface allows both electron 
impact(E1) and chemical ionization and is particu- 
larly well suited for normal phase separations. This 
methodology, though limited to compounds which 
can be vaporized thermally (MW c 1500) and subject 
to high back~ound levels (m/z c 150), has demon- 
strated its usefulness time and again. An example of 
a normal phase LC/MS separation of a mixture of 
polymer additives is given in Fig. 7; here the total ion 
current was obtained by using EI ionization and the 
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Fig. 3. LC/MS total ion chromatogram of an extract from 
an unknown polymer: column, 25 cm x 4.6 mm Zorbax 
ODS; eluent, 100% CH,OH I ml/min; discharge ionization 

1.4 kV. 
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Fig. 4. MS/MS daughters of m/z 447 for unknown component D; collision energy 20 eV, with argon. 
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Fig. 5. Schematic diagram of Finnigan-MAT TSP ion 
source showing location of discharge and repeller electrodes. 

EI mass spectrum was obtained from the major 
component, Ethanox 330.* 

GAS AND LIQUID FOURIER 
TRANSFORM INFRARED SPE~ROMETRY 

The potential of an FT-IR spectrometer interfaced 
to a gas chromatograph (GC/FT-IR) to separate 
components in a complex mixture and provide 
identifiable IR spectra of each component was recog- 
nized early within The Dow Chemical Company. In 
1977, a GC/FT-IR instrument was constructed 
within Dow (V. J. Caldecourt, C. L. Putzig) based 
on the design of Azarraga and McCall.” This combi- 
nation of a Digilab FTS-14 FT-IR spectrometer and 
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*Trademark of Ethyl Corporation. 

Fig. 6. TSP mass spectrum obtained from aminochrysene 
at two repeller voltages. Upper spectrum exhibits little 
fragmentation at 60 V whereas extensive fragmentation is 

produced at 120 V lower spectrum). 
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Fig. 7. Moving belt LC/MS (70 eV EI) of mixture of polymer additives. Total ion current (upper) with 
mass spectrum of major component (lower). 

a Varian 1420 GC, interfaced by a 50 cm x 2 mm id. 
internally gold-coated glass lightpipe, possessed a 
modest (by today’s standards) sensitivity of approxi- 
mately 1 pg. Nevertheless, this instrument provided 
the solution to many complex problems involving 
chemical structure in the fields of environmental, 
agricultural, polymer, and toxicological chem- 
istry.“.‘* 

Commercial spectrometers purchased have in- 
cluded those based on Digilab’s FTS-10, Nicolet’s 
SX-60, and finally Mattson’s Cryolect 4800 Matrix 
Isolation/GC/FT-IR. The problem-solving ability of 
this last instrument is demonstrated in Figs. 8 and 9. 
Figure 8 is the IR reconstructed chromatogram of the 
separation of a mixture of substituted pyridines. The 

separation was accomplished on a 30 m x 0.32 mm, 
1 pm, DB-5 capillary column programmed from 120” 
(7 min hold) to 230” at 6”/min. In analysis by gas 
chromatography/mass spectrometry @C/MS), peaks 
E-I (Fig. 8) give identical mass spectra [MW 263, 
dichloro(trichloromethylpyridines)] and are indistin- 
guishable from one another. The corresponding IR 
spectra (2000-700 cm-‘) are given in Fig. 9(a-e). 
Each of the peaks E-I possesses a unique IR 
spectrum which can be assigned to a specific isomer. 
This separation was accomplished by employing 
state-of-the-art chromatography and at an identifi- 
cation level (potentially subnanogram) approaching 
that of GC/MS. 

Examples of two recent significant applications 

IR 

C 

D 

F H 

7.58 9.58 ii.sa 13.58 15.58 17.58 19.58 21.58 

Retention time (min 1 

Fig. 8. Reconstructed chromatogram (infrared detector) of a mixture of substituted pyridines. 
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Fig. 9, Infrared spectra (2000-700 cm-‘) of (a) peak E, 2,6-dichloro-4-trichloromethylpyridine, (b) peak 
F, 2,3-dichloro-S-tr~c~l~r~methylpy~djne, (cf peak G, 2,~dichioro-S-trich~~r~~~hyfpyridine, (d) peak H, 

3,6-diehi~rn-2-trichlor~me~hy~~y~djne, (e) peak I, 26-dichioro-3-tricfilor~me~hylpy~dine. 

using the lightpipe interface are shown in Figs. t&12. 
In 1987, Yurga reported that high mol~ular-weight 
polymer additives not normally analyzable by 
GC/FT-IR, could be analyzed by using very short 
thick-film capillary columns (1 m, 0.32 mm i.d., 1 pm 
film, phenylmethylsilicone) and high interface 
temperatures (300-320”). Figure IO shows a 
gram-~hmidt r~onstructed chromatogram of a 
mixture of polymer additive standards at approxi- 
mately the 500 ng level, for each, separated and 
identified by using this technique. Figure I1 presents 
spectra of two components from this analysis. 

GC/FT-IR is finding applications, as is GC/MS, in 
taste and odor problem-solving for food packaging 
materials. In 1987, Yurga and Thompson applied 
cryogenic focusing techniques to GC/FT-IR to 
analyze residuals in the headspace from cellophane 
wrapper materials. Ten ml of the sample headspace 
gas were injected and cryogenically focused on the 
front 10 cm of the GC column by using nitrogen gas 
cooled with fiquid nitrogen, and sub~qu~ntly ana- 
lyzed by GC/FT-IR. Representative r~onst~~ted 
chromatograms are shown in Fig. 12. Identi~cation 
of components (e.g.* styrene) at levels as low as 
17 ,~l/l. in air can be accomplished with a lightpipe 
interface by using this technique. 

The collection of standard infrared vapor-phase 
spectra introduced by Sadtler Research Laboratories, 
Inc., was an early aid to spectroscopists in identifying 
unknown impounds for which spectra had been 
recorded on GC/FT-IR instruments. The validity of 
the spectra in this reference library was reviewed by 

R. A. Nyquist of this laboratory. His interest in 
correlation of the infrared group frequencies derived 
from the reference library culminated in the publish- 
ing of his book “The Interpretation of Vapor-Phase 
Infrared Spectra-Group Frequency Data”, 13 for 
which he was awarded the Williams-Wright Award 
in industrial infrared spectroscopy in 1985. 

The ~nterfa~ng of HPLC and FT-IR began with 
non-aqueous systems such as normal phase HPLC 
(NP-&PLC) because of the compatibility of normal 
phase eluents with direct interfacing to the infrared 
s~ctrometer. Other early experiments involved size 
exclusian chromatography (SEC} because of the large 
sample capacity of the column and the opportunity 
for a direct flow-cell interface. Factors limiting the 
sensitivity of the analysis include the absorption of 
mid-infr~r~ radiation by common solvents used in 
NP-HPLC and SEC, most of which limit the useful 
range of the spectrum and exclude identification of 
unknown components. The development of micro- 
bore HPLC and micro Aow-cells has atlowed a 
reasonable flexibility in NP-HPLC/~~IR for the 
id~ti~~ation of functional groups or determination 
of components in characterized systems.14 Some 
groups at Dow are using SEC/FT-IR for the analysis 
of polymers to correlate functional group infor- 
mation with molecular weight distribution. 

Of more interest to this laboratory was the inter- 
facing of reverse phase (RP) HPLC and FT-IR 
spectroscopy since most of our probIem-soling 
involves RP chromatography and the on-tine combi- 
nation of te~hn~qnes is advantageous in terms of time, 
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Fig. 10. Gram-Schmidt reconstructed chromatogram of high molecular-weight polymer additive stan- 
dards analyzed by GC/FT-IR with a I-m capillary column and high lightpipe interface temperatures. 

efficiency, and certainty of identification, compared 
to the trapping of HPLC components. The major 
obstacle to the direct interfacing of RP-HPLC and 
FT-IR is the poor transmittance of water and other 
common RP-HPLC solvents in the mid-infrared re- 
gion. Information is completely unobtainable over 
large regions of the spectrum and the signal-to-noise 
ratio is very poor in other regions, where a solvent or 
solvent system is also absorbing infrared radiation. 
Testimony to the difficulty of interfacing RP-HPLC 
and FT-IR spectroscopy is the fact that no com- 
mercially available interface has been developed, 
although some developments have recently been 

*Trademark of the Du Pont Corporation. 

reported. 14.15 In general, researchers have taken two 
approaches to interfacing the techniques to circum- 
vent this basic limitation: flow-cell methods or 
solvent-elimination methods. We have developed two 
interfaces using these two approaches, with the initial 
goal of using the conditions most commonly used for 
our customers’ separations; analytical columns and 
flow-rates in the l-2 ml range. In 1984, Yurga and 
Putzig began interface experiments with flow-cells 
and a commercially available membrane phase- 
separator used in our laboratory for flow-injection 
analysis. The membrane used in this phase-separator 
is not a selective membrane, but rather a hydrophobic 
membrane of 0.45 pm pore-size Teflon* resin tape. 
When the pores are first wetted with an organic 
phase, the surface interaction will prevent water from 

TAL 36, I-2-F 
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Fig. i 1. Infrared spectra of two components shown in Fig. 3, obtained by GC/FT-IR analysis with a l-m 
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Fig. 12. Reconstructed chtomatograms from the Cryofocus GC/FT-IR analysis of volatile components 
in the headspace nf unprinted (A} and printed (B) cellophane package wrappers heated to 90” for 4 hr. 
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Fig. 13. Schematic representation of the RP-HPLC/FT-IR 
experiment with a membrane phase-separator and flow-cell 

interface. 

passing through the membrane. A schematic tepre- 
sentation of the interface is presented in Fig. 13. The 
RP-HPLC set-up (A) contains the eluent(s), pump(s), 
injector, column, UV detector, and Teflon tubing 
leading from the UV detector to the segmentor (C). 
The use of 5-10 pm packed analytical columns 
permits a rapid response for existing separations used 
in the identification of unknown components. A 
second flowing stream (B) containing an organic 
IR-compatible solvent such as carbon tetrachloride 
or methylene chloride is introduced into the other 
port of the segmentor (C) where the aqueous and 
organic flowing streams are combined to produce a 
segmented two-phase flowing stream. This stream 
continues to a mixing coil (D) where the separated 
analytes are extracted into the organic phase. The 
aqueous phase is prevented from passing through the 
membrane (E), while the organic phase containing 
the analytes continues to the flow-cell (F) of the 
FT-IR spectrometer. 

Typical parameters are a 0.1 mm pathlength cell 
of 0.25 ~1 volume or less, with barium fluoride, zinc 
selenide, or potassium bromide windows, and 
continuous scanning. A mercury-cadmium-telluride 
(MCT) detector is used. Flow-rates, tubing lengths, 

Fig. 14. Gram-Schmidt reconstructed chromatogram from the RP-HPLC/FT-IR analysis of a mixture 
containing phenol, acetophenone, and methyl benzoate, and the infrared spectrum of the second 

component, acetophenone. 
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and inner diameters (ranging from 0.3 to 0.7 mm) are 
optimized for specific applications to yield adequate 
extraction of analytes, separation of the phases, and 
optimum flow of the organic phase through the 
membrane. In addition, a T-connection (G) in the 
tubing downstream of the UV detector, but upstream 
of the segmentor, allows the addition of post-column 
experiments, such as ion-pairing or the addition of 
a salt, to improve or allow extraction for specific 
analytes. Information obtained includes a UV chro- 
matogram of separated components, a Gram-Schmidt 
reconstructed chromatogram, and infrared spectra of 
separated components obtained by ratioing collected 
spectra against the solvent background, by use of 
GC/FT-IR software. Figure 14 shows the recon- 
structed chromatogram obtained for the separation 
of a mixture containing phenol, acetophenone, and 
methyl benzoate at the 1% level, and the infrared 
spectrum obtained for acetophenone. The limitations 
of this interface include the extraction coeflicent, and 
the signal-to-noise limitation of detection with a 
solvent present. The major advantage of using a 
membrane phase extractor is the exclusion of the 
aqueous phase and polar modifiers, which are 
normally highly absorbing in the mid-infrared. The 
flow-cell interface is advantageous in terms of hard- 
ware and similarity to the usual HPLC set-up and 
finds applications in separations of components in the 
20.5% range. Development of a solvent-elimination 
approach for increased sensitivity, using this mem- 
brane phase separator interface, is continuing. The 
flow-cell interface approach is similar to work 
reported by Johnson et al. in 198Ki6 

USE OF A MEMBRANE AS AN INTERFACE 
IN MULTIDIMENSIONAL TECHNIQUES 

When one side of a polymeric membrane is ex- 
posed to a chemical species (molecules, atoms, or 
ions) at a certain concentration, the chemical species 
will interact with the polymer molecules and then 
dissolve into the polymer matrix. This will create a 
concentration gradient across the membrane which 
provides a driving force for the chemical species to 
diffuse from one side of the membrane to the other. 
If the chemical species is not removed from the other 
side, the concentration there will gradually increase 
and finally become the same as that of the feed side. 
An equilibrium will be eventually established. In this 
case no net flow of the chemical species across the 
membrane will be observed. If the chemical species 
that has diffused to the other side of the membrane 
is continuously removed, a steady-state flow or 
permeation rate, of the chemical species across the 
membrane will be observed. 

For chemical species in the gas phase, the perme- 
ation rate, J, measured in cm3 (STP) per second per 
cm* of membrane area, can be expressed by the 
equation 

&DSAP PAP -=- 
I I 

(1) 

where D is the diffusion coefficient (cr&/sec), S 
the solubility [cm’ (STP)/cm3.cmHg), I the thickness 
of the membrane (cm), AP the pressure difference 
across the membrane (cmHg) and P the perme- 
ability of the gaseous molecule in the polymer 
[cm ’ cm3~STP)/cm~ * set 1 cmAg]. 
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Fig. 15. Hollow-fiber membrane mass spectrometric interfaces: A, flow-over configuration; B, 
flow-through configuration (0.020 in. i.d., 0.037 in. o.d. Silastic medical grade tubing from Dow Corning). 
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Since permeability is a unique property of a 
molecule with respect to a polymer, each type of 
molecule will exhibit its own permeation rate across 
a polymeric membrane. This unique property makes 
polymeric membranes powerful separation media 
for molecules, atoms, and ions in many industrial 
applications.” 

Analytical scientists have also utilized this unique 
property of polymeric membranes, for separating 
analytes or controlling diffusion of a chemical reagent 
into the analyte stream for reaction prior to reaching 
the analytical detector. The combination of a mem- 
brane system with an analytical device constitutes a 
new multi-dimensional technique with improved 
sensitivity and specificity. Dow analytical scientists 
have been contributing a great deal to the develop- 
ment of the technique. 

There are two physical forms of membranes-flat 
films and hollow fibers. The former can be made in 
a laboratory and the latter are usually only commer- 
cially available. 

In 1974, Westover et ~1.” devised a silicone-based 
polymer hollow-fiber probe for sampling organic 
molecules, from the gas phase or aqueous solution, 
into a mass spectrometer, as shown in Fig. 15A. The 
analyte permeates through the membrane and passes 
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into a mass spectrometer. The membrane serves both 
as a pressure-reduction interface to a mass spec- 
trometer and as an enrichment device for organic 
molecules. This allows analytical scientists to monitor 
parts per million (ppm) and parts per billion (ppb) of 
volatile organics in air and in aqueous solution 
respectively. By this technique, many otherwise 
difficult problems have been studied, such as the 
kinetic study of hydrolysis rates of chloromethyl 
methyl ether and bis(chloromethy1) ether in humid 
air” and in aqueous solution20 and the in uivo mass 
spectrometric determination of organic compounds 
in blood.21 

Recently, Bier and Cooks22 have developed a 
direct-insertion hollow fiber probe for the selective 
introduction of organic molecules from aqueous solu- 
tion into a mass spectrometer by allowing the aque- 
ous solution to flow inside the hollow fiber. One 
version of this probe is shown in Fig. 15B. The 
sensitivity is 2-3 orders of magnitude greater than 
that with the flow-over hollow fiber probe shown in 
Fig. 15A for monitoring gaseous molecules and 2-3 
times greater for monitoring volatile organics in 
aqueous solutions. The response signals and response 
curves at sub-ppm levels of methylene chloride and 
xylene are shown in Figs. 16 and 17, respectively. 

0.77 ppm 

0.054 ppm 

/ I 

0.23 ppm 

1 I 

I I 
” 

I L I \ I - 
40 50 60 

Tlms (min) 

Xylene (m/z 106) 

20a0 

: c 70QQ 

: 6000 
c 
3 5000 

i 4Q00 

3QQ0 

1000 
I 

El 
5 10 15 20 25 

Tame IminI 

Fig. 16. Response signals for methylene chloride (m/z 84) and xylene (m/r 106) with interface B 
(Fig. 15) at 75”. 
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Fig. 17. Response curves of methylene chloride (a) and xylene (b) with interface B (Fig. 15). 

These increases in sensitivity significantly broaden 
the range of applications of this technique to deter- 
mination of ppb levels of organics in the gas phase 
and sub-ppb levels of organics in aqueous solution.23 

Flat membranes were also utilized as a gas 
chromatography/mass spectrometry interface.24 
However, owing to the temperature-dependence of 
the transmission of organic molecules25 and the ad- 
vances in capillary-column gas chromatography, the 
interface is not widely used. 

As shown in equation (l), the permeation rates are 
dependent on diffusivity and solubility. Diffusivity 
controls the time taken to reach a steady state from 
the start of the permeation process, or the response 
time of an analytical technique-the higher the tem- 
perature, the shorter the response time. Solubility 
determines the amount of organic molecules dis- 
solving in the membrane and affects the amount 
permeating through the membrane. This influences 
directly the analytical sensitivity of the technique- 
the higher the temperature, the lower the solubility 
or the sensitivity. This is demonstrated in the signal 
or the response times vs. temperature curves of 
D-limonene, shown in Fig. 18. Different polymeric 
materials will show different degrees of dependence. 
The experimental conditions should be optimized for 
a specific application. 

The flow-through hollow fiber interface has been 
utilized at Dow for rapid determination of volatile 
pollutants in aqueous matrices by flow-injection mass 
spectrometry.26 

Instead of removing the permeating organic mole- 
cules by vacuum as in the case of mass spectrometers, 
Melcher et ~1.~’ of our laboratory removed the perme- 
ating molecules by a conversion into non-permeating 

Fig. 18. The signal response and response time vs. 
temperature curves obtained with interface B (Fig. 15) for 

D-limonene in air. 
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species. The technique was designed for on-line moni- 
toring of trace phenols in an aqueous waste stream. 
A dilute alkali is pumped through a hollow silicone 
fiber membrane placed in a cell and directed into 
the sample loop of a liquid chromatographic valve. 
When the acidified aqueous waste stream with high 
dissolved solids and particulate content is pumped 
through the cell containing the hollow fiber mem- 
brane, the phenol molecules permeating through the 
silicone membrane will react with the alkali inside the 
hollow fiber membrane to form sodium phenates, 
which do not permeate into the waste stream, because 
of the hydrophobic nature of the membrane. This 
unique extraction technique can be operated either in 
a continuous mode or in a stop-flow mode if higher 
sensitivity is desired. 

Fossey and Cantwel12* utilized a hydrophobic 
membrane of Teflon resin and a hydrophilic cellulose 
membrane for organic/aqueous phase separation. 
Combining this technique with flow-injection analysis 
allows simultaneous monitoring of both phases. 

Considerable work in our laboratories has been 
done on development of the membrane techniques 
for controlled admission of reagents for post-column 
reactions in liquid chromatography and ion chro- 
matography. Davis and Peterson29 employed a hol- 
low silicone polymer fiber for controlled admission of 
ammonia, fluorescamine and ninhydrin for post- 
column reactions with nitrophenols, amines, and 
amino-acids respectively. This technique enhances 
the sensitivity and reduces the chemical background. 
At the early stage of the development of ion chro- 
matography, periodic replacements or regeneration 
of the suppressor column complicated the operation 
of an ion chromatograph. 

Stevens et ~1.~’ developed a sulfonated polyethylene 
hollow fiber suppressor, which allows continuous 
operations without varying interference from baseline 
dips, ion-exclusion effects, or chemical reactions, The 
sulfonated polyethylene membrane allows sodium 
ions to permeate out and hydrogen ions to permeate 
in. However, the slow permeation rate across the 
membrane resulted in some band spreading and 
therefore poorer chromatographic resolution. A 
packed hollow fiber suppressor was then developed to 
minimize this etIect.3’ 

In conclusion, the selectivity of polymer mem- 
branes can significantly enhance the sensitivity and 
specificity of combinations of analytical techniques. 

MULTIDIMENSIONAL CHROMATOGRAPHY 
BY ON-LINE COUPLING OF HPLC 

WITH CAPILLARY CC 

The analysis of complex matrices, such as those 
encountered in environmental, medical, agricultural, 

*The method and apparatus described are the subject of 
Pending patent applications. 

TTrademark of The Dow Chemical Company. 

fossil fuel and biotechnology systems, has become a 
very important area of separation science, motivating 
advances in theory and technique to the point where 
modern high-resolution chromatography operates at 
levels which are close to the theoretical limits. 

Challenges still remain, however, with the con- 
tinuing need to improve limits of detection and 
increase the information content of an analysis, since 
even with state of the art technology, there are 
limitations to the resolving power attainable with a 
single chromatographic system.32 

One approach used to obtain greater resolution is 
multidimensional chromatography, in which two or 
more chromatographic techniques are combined. The 
power of a multidimensional system can be estimated 
by considering the peak capacity of a separation 
system, 33 defined as 

“I= (N"*/4)In(V,,,/V,in) (2) 

where n, is the peak capacity of a single separating 
system, N is the number of theoretical plates, and 
I’,,,., and Vmin are the maximum and minimum vol- 
umes respectively. For a multidimensional system, 
the maximum peak capacity becomes the product of 
the individual peak capacities of each separation 
system. 

When a comparison of various multidimensional 
systems is made, the tremendous resolving power of 
this technology becomes evident. For example, the 
peak capacity of a liquid chromatographic system 
can be calculated to be about 70, whereas for a 
capillary GC system, the peak capacity can be as high 
as 300. The maximum peak capacity attainable by 
coupling these two systems is then around 21000. In 
addition, the coupling of a liquid chromatograph 
with a gas chromatograph in an on-line mode offers 
a different perspective of multidimensional sepa- 
rations, since selectivities that are difficult to obtain 
with coupled systems based on only one type of 
chromatography become possible when use is made 
of the wider range of variables available with two 
chromatographic techniques, e.g., the choice of 
combinations of mobile and stationary phases, 
temperature profile and detector systems. 

Although many attempts have been made to 
couple the two techniques,“36 the first successful 
application to quantitative analysis was only recently 
accomplished,37 and utilized micro columns for LC 
and eluent introduction into a retention gap (un- 
coated inlet) at a temperature above the boiling point 
of the solvent.* Some examples of the multi- 
dimensional system utilizing micro columns for LC 
and capillary GC in an on-line mode are presented in 
Fig. 19 for the determination of trace chlorinated 
benzenes in fuel oi1,38 Fig. 20 for the determination 
of the herbicide Propachlort (2-chloro-N-isopropyl- 
acetanilide) in soil,39 and Fig. 21 for the deter- 
mination of Chlorpyrifos [O,O-diethyl-0-(3,5,6- 
trichloro-2-pyridyl)phosphothioate] in rodent feed 
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Fig. 19. (A) Micro-LC chromatograms of fuel oil sample. 
Column: 105 cm x 250 pm packed with 7-pm Zorbax 
silica. Mobile phase: heptane. Flow: 10.6 pl/min. Detector: 
Jasco Uvidec II at 214 nm. Pressure: 3800 psig. Sample 
prepared to give concentration of 0.10 g/ml in heptane. 
X = fraction introduced into the gas chromatograph. (B) 
Capillary gas chromatogram of fuel oil from LC. Column: 
30 m x 0.25 mm Sopelcowax 10 (0.25 pm film). Retention 
gap: 15 m x 0.25 mm fused silica. Oven temperature: 105” 
for 9 min, program to 245” at S”/min. Carrier: helium at 70 
cm/set. Make-up gas: nitrogen at 30 ml/mm. Detector: FID 
at 275”. Injected volume: 21 ~1. Retention times of chloro- 
bentenes of interest are indicated. (1) Chlorobenzene, 
(2) 1,2~chloro~nzene, (3) 1,2,4,5-tet~chloro~n~ne, 
(4) 1,2,3,4-tetrachlorobenzene, (5) pentachlorobenzene, (6) 
hexachlorobenzene. (Reproduced with permission from 
H. J. Cortes, C. D. Pfeiffer, B. E. Richter and D. E. Jensen, 
J. Chromatog., 1985, 349, 55. Copyright 1985, Elsevier 

Science Publishers.) 

used for toxicological studies.” Typical recovery data 
are presented in Table 1. 

Some advantages of using a multidimensional 
system are speed of analysis, minimal sample prepa- 
ration, sensitivity, automation, and repr~u~bility. 
The technology, however, is restricted to components 
which can be separated chromatographically in the 
gas phase, and the eluents used must be free of 
nonvolatile buffer salts. 

The use of micro columns for LC offers a desirable 
approach, helping to overcome some of the problems 
associated with the introduction of large volumes into 
a capillary GC. Continued research in micro column 
technology and interface design may be expected to 
produce further improvements in this interesting area 
of chemical analysis. 

ION CHROMATOGRAPHY 

Ion chromatography (IC), originally developed in 
this laboratory, is now recognized as a “workhorse*’ 
technology for the determination of a number of 
ionic species in a great variety of sample matrices, 
and has been extensively employed in this taboratory 
over the past twelve years. In addition, it has been 
successfully transferred to on-site usage for process 
control, product development, quality control, and 
environmental and industrial hygiene monitoring. 
By incorporation into automated analyzers, it has 
also been implemented in on-line applications. This 
diverse usage of IC has been made possible by 
“re-shaping” the technology originally developed in 
the early 1970s so as to expand its overall flexibility. 
This “re-shaping” has resulted in the scope of IC 
expanding beyond the analysis of common inorganic 
anions and cations, which was its initial focus on 
its introduction in 1975 by Small et aL4’ to include 
organic acids, selected transition metals, carbo- 
hydrates, amino-acids, complexones, amines, 
aliphatic quaternary ammonium compounds, metal 
oxy-anions, polyphosphates and polythionates. A 
number of developments in various features of the 
original IC technology have contributed significantly 
to bringing about these expanded capabilities. Six of 
the key elements which have combined to make 
today’s IC technology more versatile, and con- 
sequently, more effective in day-to-day problem- 
solving, are considered below. 

Sejxzration 

While separation mechanisms such as ion-exclusion 
and ion-pairing are now also included in IC 
methodology, ion-exchange is still the predominant 
one. Most separations are carried out by using low 
capacity “pellicular” ion-exchange materials based 
on styreneldivinyl~~ne (S/DVB) copolymers. 
Today’s IC ion-exchangers are basically the same 
materials as those originally developed by Small 
et aL41 However, their overall performance has been 
notably enhanced. Significant improvements in 
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Fig. 20. ~omatog~s of soil extract. (A) Micro-LC. Column: 105 cm x 250 pm fused silica packed 
with Spberisorb ODS (5 pm). Mobile phase: methanol/water (90: 10). Flow-rate: 3.0 @/min. Detector: 
Jasco Uvidec Ii at 214 nm. GC column: 30 m x 0.25 mm. J&W Carbowax (0.5 pm film). Retention gap: 
10 m x 0.25 mm fused silica. Oven temperature: IO@’ for IO min, program to 230” at so/mm. Carrier: 
helium at 38 cm/set, Make-up gas: nitrogen at 30 ml/min. Detector: FID at 270” (1) 2-Cltloro-N- 
isopropyla~~nilide (14 pgfg). (~~produ~ with permission from II. J. Cartes, in Tefhniquer and 
AppIica&ns of ~icrocofumn LC and SFC, F. Yang (ed.), by courtesy of Marcel Dekker, Inc., 

New York.) 
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Fig. 21. Chromatograms of rodent feed. (A) Micro-LC. Column: 110 cm x 250 pm fused silica packed 
with Zorbax ODS (7 pm). Mobile phase: heptane/methyl tert-butyl ether (95:5). Flow-rate: 12 pl/min. 
Detector: Jasco Uvidee II at 214 nm. Injection size: 500 nl. X = fraction introduced into the capillary GC. 
(B) Capillary GC. Column: 50 m x 0.20 mm 5% phenyhmethyl silicone (0.25 Mm film). Retention gap: 
10 m x 0.25 mm fused silica. Oven temperature: 130” for 5 mitt, program to 250” at S”/min. Carrier: helium 
at 35 cmjsec. Make-up gas: nitrogen at 30 mljmin. Detector; eiectron capture at 270” (1) Chloropyrifos 

(1.1 fig/g). 

Table 1. Recovery and precision data for the dete~i~ation of three trace impurities in a proprietary herbicide 

Compound 1 Compound 2 Compound 3 _ -___ 
Added, Found, Added, Found, Added, Found, 

Icg Pg Recovery, % pg Pg Recovery, % pg KS Recovery, % 

1.09 0.99 90.8 
1.20 1.08 90.0 
3.10 2.70 87.1 
3.64 3.21 88.9 
6.37 5.94 93.2 
7.78 7.89 101 

18.2 16.5 90.6 
1.09 0.96 88.0 
1.37 1.28 93.4 
0.91 1.14 - 
0.56 0.54 96.4 

x, % 91.9 
u % 4.2 

20 = 8.4 
(2u/x)lOO = 9.2 

1.18 1.19 101 0.88 0.83 94.3 
1.00 1.08 108 0.90 0.81 90.0 
3.50 3.50 100 2.40 2.20 91.7 
3.92 4.28 110 2.92 2.56 89.7 
6.86 7.00 102 5.11 4.68 90.8 
7.84 6.81 86.7 5.84 5.98 102 
- - 
1.18 1.29 
1.47 1.14 
0.98 1.14 
0.59 0.55 

109 
77.6 

117 
93.2 

103 
9.2 

18.4 
17.7 

- - 
0.88 0.89 
1.10 0.96 
0.73 0.82 
0.45 0.43 

- 
101 
87.3 

95.6 
93.6 

5.1 
10.2 
10.9 
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component resolution, equilibration times, speed of 
analysis, exchange selectivities, column durability, 
and column reproducibility have been achieved. 
For cation analysis, surface-sulfonated S/DVB resins 
continue to be used effectively. Resins formed by 
electrostatically attaching a monolayer of a latex 
anion-exchanger to these same sulfonated resins are 
the workhorse materials for anion analysis. Both 
types of resin exhibit chemical stability throughout 
the pH range O-14, resulting in a distinct advantage 
in the “practical” implementation of IC technology. 

Eluen t suppression 

Since the sample species of interest in IC are 
predominantly ionic, electrolyte solutions are re- 
quired to generate their ion-exchange separation. 
Sample ions are eluted, therefore, in this electrolyte 
background. IC, as originally developed, relied on 
conductivity detection. To overcome the problem of 
measuring sample ions in this highly conducting 
electrolyte (eluent) background, “eluent suppression” 
was devised. This technique dramatically reduced the 
background conductivity of the eluent, while also 
notably enhancing the sensitivity for the eluting 
sample ions. In the original instruments, the 
suppressor unit was a high-capacity ion-exchange 
column (i.e., H+-form cation-exchanger for anion 
analysis; OH--form anion-exchanger for cation 
analysis) that had to be periodically regenerated. 
The interruptions for “packed bed” suppressor 
regeneration were eventually eliminated with the 
development of membrane units capable of con- 
tinuous operation. 3o In addition to providing on-the- 
fly regeneration, the membrane devices significantly 
reduced the void volume contribution of the 
suppressor from approximately 1500 ~1 to less than 
50 ~1. This reduction improved overall IC system 
performance by improving component resolution. 
The latest version of the membrane suppressor has 
introduced eluent programming into conductivity- 
based IC systems. Since higher eluent concentrations 
can now be handled more effectively, the application 
of stepwise or continuous gradients to complex 
sample analysis is feasible. This capability permits 
the more effective elution of analytes having notably 
different retention characteristics.42 

Detection 

While conductivity is still the single most popular 
mode of detection for IC, several other detection 
schemes have been successfully introduced into 
routine use. Numbered among these are direct or 
indirect UV spectrometry, amperometry, visible 
region spectrometry, and fluorimetry. Judicious use 
of these additional modes of detection has resulted in 
enhanced specificity and sensitivity for the analysis of 
complex sample matrices, and a greater range of 
eluents, giving expanded separation capabilities. To 
date, the capabilities afforded by the use of these 
other detection schemes have been demonstrated in a 

number of applications. Direct UV detection intro- 
duced sodium perchlorate eluents into IC, with their 
ability to separate thiocyanate, thiosulfate, per- 
sulfate, and several polythionates. In addition, en- 
hanced specificity was attained for the determination 
of a number of other UV-absorbing anions in 
complex matrices such as chloride or sulfate-based 
acids and brines.43*44 The determination of non- 
chromophoric aliphatic quaternary ammonium com- 
pounds was achieved by using UV-absorbing 
aromatic quaternary ammonium salts in the eluent 
and indirect UV detection.45 Amperometric detection 
enabled carbohydrates to be effectively monitored 
after ion-exchange separation as anions.“s4’ The IC 
determination of selected transition metals has been 
accomplished by coupling cation-exchange sepa- 
rations and visible detection by post-column reaction 
of the separated species with appropriate calorimetric 
complexing reagents.48*49 

Sys tern design 

Today’s IC instrumentation is characterized by 
modular or component design, which provides the 
greatest versatility for ion analysis. Featuring access 
to a variety of separation/detection combinations, an 
appropriately designed modular system is actually 
multiple systems in one. On the one hand, it can be 
custom-made to meet specific routine analysis needs. 
On the other, it can be readily altered to accommo- 
date changing analytical requirements. This latter 
capability allows a system to be conveniently com- 
bined with the separation/detection mode best suited 
for monitoring the ions of interest in any given 
sample matrix. 

Data acquisition 

Traditionally, recorders and computing integrators 
have been used for IC data acquisition and reduction. 
More recently, computer systems have been inter- 
faced with IC systems to perform these functions as 
well as long-term data storage and extensive post-run 
data reprocessing. Significantly, the use of a com- 
puter has introduced total system control into IC. 
The full range of operating functions (e.g., sample 
injection, eluent composition, analysis procedure, 
detector range, auto-zero, valve switching, etc.) can 
be controlled by the computer system. As a result, 
dramatic flexibility is available for either automating 
an analysis or carrying out method development. 

Sample preparation 

The broad range of sample matrices to which IC 
has been applied is evidence of its current versatility. 
To date, it has been used to determine species in 
simple as well as very complex aqueous samples, 
nonaqueous liquids, gases, and solids. A list of 
samples encountered in this laboratory includes 
such diverse types as waters, soil, air, acids, brines, 
alkalis, bromine, chlorine, detergents, fertilizers, 
complexones, biological fluids, paper pulping liquors, 
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herbicides, polymers, surfactants, foodstuffs, fire The DSC data are used to identify reaction types 
retardants, and pharmaceuticals. (endotherms and exotherms). 

In many instances, minimal sample preparation is 
required for IC analysis, that is, only dilution and/or 
filtration. Even for some very complex sample matri- 
ces, choice of the appropriate separation/detection 
scheme notably minimizes matrix interferences so 
that the “dilute and shoot” technique can still be 
employed. Where dilution is not applicable, alterna- 
tive measures can be used to make the sample 
amenable to IC analysis. Sample pretreatment 
techniques that have been successfully applied to this 
end in this laboratory include evaporation, impinger 
scrubbing, use of solid sorbents, preconcentration, 
dissolution, extraction, precipitation, ion-exchange 
resin treatment, neutralization, complexation, and 
oxidation/reduction. Depending on the particular 
analysis required and the complexity of the sample, 
these techniques have been used singly or in combi- 
nation in order to take full advantage of K’s multi- 
ion analysis capabilities wherever possible.50 

Summary 

Ion chromatography has proven itself to be a 
versatile, selective and sensitive method for ion anal- 
ysis. The development of a broad range of separation 
and detection schemes over the past decade has 
dramatically and effectively broadened the utility of 
the original IC technology. With an expanded 
flexibility, today’s IC technology is an indispensable 
tool for analytical problem-solving. 

The simultaneous analysis allows the analyst to 
assign specific structural or chemical events directly 
to observed thermal events. Because the same 
environment and sample are used for all three 
analyses, instrumental and sample preparation con- 
ditions and the errors associated with them are kept 
constant. The instrument was invented and developed 
by a team of analytical scientists at the Dow 
Chemical Company. The critical design steps focused 
on retaining the integrity of the calorimeter while 
performing the diffraction and mass spectroscopic 
analyses. The invention also took advantage of cur- 
rent developments in high-speed multiposition X-ray 
detectors (PSDs) to collect X-ray diffraction data in 
the same time frame as the conventional calorimetry 
experiments. Materials were optimized so that the 
sample holder was essentially chemically inert and an 
insulator, but still allowed interaction with the XRD 
and MS probes. This combination of factors enabled 
us to use a relatively inexpensive, conventional X-ray 
source instead of a neutron, synchrotron or other 
high-flux source. A schematic of the instrument is 
shown in Fig. 22. 

DSC/XRD/MS 

Three powerful analytical techniques, differential 
scanning calorimetry (DSC), X-ray diffraction 
(XRD,) and mass s~trometry (MS), have been 
combined so that materials can be completely 
characterized as they are heated in a controlled 
atmosphere. The DSC/XRD/MS instrument has 
been used to characterize the melting and crystal- 
lization behavior of SARAN* resin and poly- 
ethylene,5’*52 the m~hanisms of oxidation and 
reduction in a variety of copper-based catalysts,53m55 
and the polymorphism and hydration chemistry of a 
number of commercial pharmaceuticals.s6,57 

All three techniques are used simultaneously to 
analyze a single sample. XRD continuously measures 
the structure of the material in the reaction chamber. 
The XRD data can also be used to measure crystal- 
linity, crystallite sizes, reaction kinetics, thermal 
expansion or contraction, all as a function of tem- 
perature. MS is used to monitor and quantify vol- 
atiles. This can be of critical importance in the 
analysis of hydrated pharmaceuticals, the inter- 
pretation of reduction m~hanisms in catalysts, or the 
analysis of decomposition phenomena in polymers. 

The strength of the instrument for solving prob- 
lems in materials analysis is best demonstrated in the 
analysis of mixtures. Figure 23 shows three DSC 
scans which were taken on different lots of the same 
pha~a~utical as part of a quality control check. All 
three lots were shown to be pure by HPLC and 
researchers were immediately concerned that the 
chemistry of the pharmaceutical was changing from 
lot to lot. Figure 24 shows selected XRD data as a 
function of temperature, and also the DSC data for 
that sample. The mass spectrometer was not attached 
at the time of this experiment. The sample used in the 
DSC/XRD experiment was from the lot used for 
the bottom DSC scan in Fig. 23. Notice that the 
DSC scans from two samples of the same lot are 
dramatically different (four endotherms, against 
two endotherms and an exotherm). It would be 
difficult if not impossible to correlate the data 
from the DSC scan in Fig. 23 with the XRD data in 
Fig. 24 (i.e., correlate data on the same lot by using 
two different instruments). The particular sample is a 
hydrate which is very sensitive to atmosphere and 
sample preparation, so for structural correlations 
the same sample must be analyzed in a controlled 
atmosphere by all three techniques. 

*Trademark of The Dow Chemical Company. 

The three lots of the pharmaceutical were all 
formulated as monohydrates, on the basis of weight 
loss and HPLC data. However, by use of a series of 
difference XRD plots, where adjacent XRD scans 
were subtracted, diffraction peaks could be cross- 
correlated and assigned to a particular structure. This 
eliminated the need for reference standards, which 
did not exist for these materials. These data were then 
combined with TGA (thermogravimetric analysis) 
data (alternatively, MS data could have been used) to 
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DSCIXRDIliiS SYSTEM 
MASS SPECTROMETRY ~LORIMET~ 

RoWlme monitorlnO 

Fig. 22. Schematic diagram of the DSC/XRD/MS instrument. PSPC, position-sensitive proportional 
counter. 
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Fig. 23. Three DSC scans of different lots of the same pharmaceutical intermediate, taken on a commercial 
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DECREES TWO-rTHErA 

Fig. 24. DSC and XRD data for the pharmaceutical intermediate taken on the DSC/XRD instrument. 
In this DSC scan, endothenns point up. In Fig. 23, endotherms point down. The XRD plots are of 

intensity vs. 20 at the temperatures shown at the right-hand end of each plot. 

assign the hydration levels for each structure. Three 
different samples were analyzed in this manner by 
DSC/XRD to ensure consistency in the assignments. 
By this process, it was found that the pharmaceutical 
had stable 1.5, 0.5, 0.25 and 0.0 hydrates, each with 
a characteristic diffraction pattern. The 0.25 hydrate 
was an intermediate found only at elevated tem- 
peratures. Despite the fact that all three lots analyzed 
by DSC (Fig. 23) were formulated as monohydrates, 
in actuality, the DSC/XRD analyses showed them to 
be various mixtures of 1.5, 1.0 and 0.0 hydrates. 
Thus, the analyses explained both the lot to lot DSC 
variability of the samples and an observed difference 
in solubility among the lots (each hydrate had a 
different solubility). 

The DSC/XRD data also showed that a controlled 
heating of the drug would result in the reproducible 
formation of a single anhydrous structure with 
known physical properties, which is of critical im- 
portance to the manufacturing of the pharmaceutical. 
Similar examples are shown for catalysts, polymers, 
and other pharmaceuticals in the references. 

GEL-PERMEATION CHROMATOGRAPHY 
WITH MULTIPLE DETECTORS 

The characterization of synthetic polymers is 
complicated by the heterogeneities which can exist 

simultaneously in composition, molecular weight, 
branching, and other microstructural features. 
Spectroscopic techniques applied to these complex 
mixtures yield only average quantities. Interpretation 
of one-dimensional separations is complicated by the 
dependence of solute retention on all structural 
features. For some polymer systems, the physical 
coupling of spectroscopy and chromatographic sepa- 
rations enables characterizations that are not possible 
by use of the techniques separately. 

Gel-permeation chromatography (GPC) with 
multidetector or multiwavelength detection has been 
extensively applied to polymer characterization.s* 
The average composition of co-eluted species is 
determined at each retention increment. Early 
at Dow, Runyon et af.59 applied multiple-detector 
GPC to the characterization of styrene-butadiene 
copolymers. Subsequently, in our laboratory GPC 
has been physically coupled with combinations 
of UV-VIS absorption, fluorescence, differential 
refractive index (DRI), mass spectroscopic, infra- 
red, and plasma emission detectors. Two recent 
applications from our laboratory of GPC with 
coupled UV absorption and DRI detection are 
given below. 

A common problem in polymer science is deter- 
mination of the molecular weight distributions of 
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Fig. 25. Characterization of polystyrene-polycarbonate blend. (A) Normalized DRI (solid) and UV (dash) 
area-normalized gel-permeation chromatograms. (B) Calculated polystyrene (solid) and potycarbonate 

(dash) elution. 
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Fig. 26. Characterization of vinylidene chloride copolymer dehydrochlorination. Area normatiaed UV 
(dash) and DRI (solid) gel-permeation chromatograms, and dependence of UV/DRI response ratio on 

GPC retention index. 
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Fig. 27. Characterization of polymer crosslinking by gel 
pe-meation chromatography withlight-scattering detection. 
Molecular weight determined vs. GPC retention for 
styrene-divinylbenzene copolymer (0, 78, 175, 325 ppm 

DVB). 

components in a polymer blend. Figure 25A illus- 
trates the GPC chromatograms obtained with the UV 
and DRI detectors for a blend of polystyrene and 
polycarbonate. Molecular weight distributions can- 
not be calculated directly from the individual GPC 
chromatograms. In this case, the blend components 
have significantly different UV absorptivities, and the 
component molecular size distributions are easily 
calculated from the dual detector data (Fig. 25B) 
after standardization of the detector responses with 
homopolymers. 

GPC with coupled UV absorption and DRI de- 
tectors has been applied in our laboratory to the 
elucidation of the mechanism for the dehydro- 
chlorination of vinylidene chloride copolymers to 
give conjugated double bonds (Fig. 26). The UV 
absorption and DRI detector responses are pro- 
portional to the unsaturation and polymer 
concentrations, respectively. The ratio of UV to 
DRI response is proportional to the fraction of 
unsaturated species eluted at any particular retention 
increment. The coupled data demonstrate that the 
unsaturated species fraction is inversely proportional 
to molecular weight and suggest that the un- 
saturation is associated with polymer end-groups. 

Light-scattering has been coupled with concen- 
tration detectors and GPC to determine absolute 
molecular weight distributions and to characterize 
branching.” Branching characterizations are based 
on the fact that the molecular weight-molecular size 
relationship is dependent on polymer topology. The 
GPC retention is a measure of the polymer size, and 
the molecular weights of each eluted component are 
determined with the coupled light-scattering and 
concentration detectors. Figure 27 illustrates data 
obtained for linear polystyrene and polystyrene 
crosslinked with divinylbenzene. At any particular 
molecular weight, the polymer chains become 
smaller (longer GPC retention) with increasing 
crosslink concentration. 
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Snnunary-The K+-valinomycin permselective membrane provides a standard system for describing the 
normal current-voltage and current-time responses of the “closed circuit shuttle” carrier mechanism. The 
responses of a selection of cyclic and acyclic carrier-systems have been measured and compared with the 
standard system responses. Deviations from expected normal behavior suggest that failure of Donnan 
exclusion is caused by use of high-permittivity plasticizers and too few fixed sites in the membrane 
supports. The closed circuit shuttle model has been extended to allow for failure of Donnan exclusion, 
consumption of free carriers, and additional transport by extracted salts. The predicted limiting currents 
and current-time responses show many features of failure of Donnan exclusion. 

Neutral carriers or neutral ionophores are uncharged 
hydrophobic complexing agents that selectively 
extract ions into inert, passive, fixed-site and mobile- 
site membranes, typically PVC, [poly(vinyl chloride)]. 
Preferred (w/w) compositions of “normal” mem- 
branes are 33% PVC, 66% plasticizer, and 1% 
neutral carrier, with a plasticizer which can have 
either low permittivity, e.g., an oil-soluble ester 
such as DNA (dinonyl adipate), or high, e.g. a 
nitro-compound such as o-nitrophenyl octyl ether 
(o-NPOE). The extraction reaction can be of 
ion-dipole outer sphere or adduct formation inner 
sphere type. The literature is extensive and key papers 
on transport properties have been contributed by 
research groups at the University of Newcastle-upon- 
Tyne (Armstrong and Covington), ETH Zurich 
(Simon and Morf), the Technical University of 
Budapest (Pungor and T&h), the State University at 
Leningrad (Materova), and the University of North 
Carolina (Buck). Extensive literature citations will be 
found in references 1-8. Interpretations of transport, 
consistent with this study, have recently been given by 
others.’ -I’ 

Studies of ion transport with or without carriers 
require perturbations of equilibrium or steady-state 
systems. The many earlier studies of potentiometric 
responses of carrier-based ion-selective electrodes are 
only indicative of possible transport mechanisms. 
The first studies of selective cation transport induced 
by a neutral carrier in an electric field used radio- 
labelled carriers and ions, and a macrotetralide mix- 
ture: 72% nonactin and 28% monactin for K+.‘**” 
Rozhdestvenskaya and Stefanova measured the a.c. 
conductivities of nonactin-PVC membranes,r4 and 
the work was extended to an acyclic carrier for Na+,rs 
but dc. current-voltage curves were not studied. The 
first steady-state current-voltage curves studied for a 

plasticized PVC membrane were obtained with the 
acyclic ETH 1002 carrier for Ca2+.‘6S’7 A more exten- 
sive series of papers used ingenious electrodialysis 
methods for several systems, of which valinomycin- 
K+ is the most important. ‘* More recently, the carrier 
ETH 149 for Li+ transport has been investigated.” 

In this paper, new results on carrier-induced ion 
transport, obtained by using steady-state current- 
voltage curves and transient current-time analyses, 
are reported for the acyclic carriers tridodecylamine 
and ETH 1001, and for the cyclic carrier nonactin. 
These results are compared with the older, estab- 
lished behavior for the cyclic carrier valinomycin. 
The behavior predicted by the closed-circuit shuttle 
mechanism accounts for all the electrochemical per- 
turbation data for cyclic carriers in low-permittivity 
plasticizers, but ideal responses are not uniformly 
found for the acyclic carriers or for cyclic carriers in 
high-permittivity plasticizers. Although the results 
reported here are less complete than the correspond- 
ing K+-valinomycin measurements, they include new 
transport characteristics for all the carriers, in high- 
permittivity solvents. Revision of the shuttle mech- 
anism to include the failure of Donnan exclusion is 
the theoretical contribution of this paper. 

CLOSED-CIRCUIT SHUITLE CARRIER 
MECHANISM AND NORMAL BEHAVIOR 

The model 

An ideal, homogeneous membrane with singly- 
charged anionic fixed or mobile sites is assumed to 
contain a quantity of carrier that is at least equivalent 
to the number of sites. The carrier has a complex 
formation constant of about I@ for a singly charged 
cation, so nearly all the counter-ions will be of the 
type CM+; M+ i s t ypically K+ and C valinomycin 
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(val). The membrane is plasticized and the counter- 
ions are substantially present as carrier-complexed 
ions, and only partially ion-paired with the sites S- 
(called S in Fig. 1 a), so the current is carried by CM + . 
Donnan exclusion holds and virtually no anions from 
the electrolyte are present in the membrane. The 
membranes are ideally permselective for cations, and 
the surface ion-exchange reactions are rapid and 
reversible. The potentiometric responses are Nern- 
stian or, in the presence of interferences, expressed by 
the Nikolskii-Eisenman equation. This transport 
theory, in somewhat different terms, was originally 
developed by Morf et al.” 

When an electrical perturbation is applied, current 
is carried by CM+ moving from site to site without 
dissociation, and without transfer of free M+ ions. 
Wipf et al. I9 have suggested that dissociation con- 
tributes some free M+ that can also carry current. 
Our calculations suggest this is a very small effect and 
we find no experimental evidence for it in normal 
membranes. Carrier is released at the interface where 
M+ leaves the membrane, but remains trapped in the 
membrane and is subject to back-diffusion across the 
membrane into its interior according to Fick’s laws. 
The model system in Fig. 1 is basically a simple 
concentration polarization of the carrier, such that 
the carrier, under a dc. current, has high concen- 
tration at the interface where M+ leaves the mem- 
brane and a much lower concentration at the inter- 
face where M+ enters it. For fixed-site membranes, 
the a.c. resistance is determined by the charge-carrier 
concentration (equal to the fixed-site concentration) 
and charge-carrier mobility. Under d.c. conditions 
there is a constant limiting current. 

Electrochemical expectations from the model 

The consequences of the theory for the impedance, 
steady-state current-voltage curves, current-time 
transients at constant applied voltage, and voltage- 
time transients at constant forced current can be 
summarized. Many of them are conclusions from 
theory and experiment.‘-8 Impedance plane plots (of 
imaginary vs. real parts of the impedance) are ex- 
pected to be comprised of a single semicircle for 
fixed-site membranes and to have an additional finite 
Warburg impedance at lower frequencies when 
mobile sites are present. Current-voltage curves are 
expected to be ohmic at low applied voltages with 
resistances independent of the excess of carrier. At 
moderate voltages, the currents deviate negatively 
from ohmic response, and show a transition region 
followed by a limiting current at high applied volt- 
ages. The limiting currents should be independent of 
the electrolyte concentration in the solution bathing 
the membrane, by Donnan exclusion, since the ion- 
carrier complex concentration cannot exceed the site 
concentration. The limiting current should be de- 
pendent on the excess quantity of carrier, because it 
is determined by the concentration polarization of 
the carrier. Current-time transients depend on the 

applied voltage, but can be constant with respect to 
time (at low applied voltages in the ohmic range) or 
initially constant (at the ohmic value), followed by an 
exponential decay to the steady-state limiting current. 
At constant applied current,” the voltages can be 
constant (at currents well below the limiting current), 
or can look somewhat like those of a chrono- 
potentiogram, with an initial voltage that increases to 
a new constant value (for intermediate currents) or 
becomes very large at currents equal to, or greater 
than, the limiting diffusion-controlled current. 

The distribution of applied voltage across the 
membrane requires further comment. When a con- 
stant voltage is applied and the current decays to the 
steady-state value, the voltage appears in three clear- 
cut segments: two interfacial components and an 
internal or bulk-phase diffusion potential. At these 
high applied voltages, most of the potential drop is 
at the interface where cations enter, because of the 
low carrier concentration. The diffusion potential is 
simply ZR, , where the resistance is calculated from 
the uniform site concentration and the mobility of 
CM+. The ZR, value becomes constant at high 
applied voltages because the current reaches a lim- 
iting plateau. All of the excess applied voltage ap- 
pears at the depletion interface according to this 
classical, reversible interface, diffusion-controlled 
model. 

AN EXPERIMENTAL EXAMPLE 
SHOWING NEARLY IDEAL BEHAVIOR 

K+-valinomycin in plasticized, jixed-site membranes 

The behavior of the K+-valinomycin (Kval+) sys- 
tem is remarkably close to the model described 
above, although there are noteworthy deviations. 
PVC is notoriously impure even after extraction 
and filtratiom2 it contains fixed sites, typically at 
0.05-5mM concentration, as determined chemically,6 
and trace mobile sites that contribute a diffusional 
Warburg impedance.2 The membranes are not 
uniformly plasticized and develop inhomogeneous 
regions, as may be deduced from measurements of 
the dielectric constant.2 They are also susceptible to 
water uptake. Their resistances are nonlinear func- 
tions of the plasticizer content and carrier loading. 
Upon exposure to electrolytes, the membranes 
develop additional inhomogeneous high-resistance 
surface layers of exuded surfactant impurities and 
carrier.’ Although the layers can be partially re- 
moved, inhomogeneous surface regions seem to re- 
main, which have lower conductivities than those in 
the homogeneous bulk membrane. After subtraction 
of the surface film resistances, the bulk resistances 
of dummy membranes increase with exposure to 
aqueous solution. It is likely that some charge carriers 
and trace mobile sites are affected, perhaps being 
trapped or impeded by absorbed water. The effect is 
less pronounced for normal membranes with carriers, 
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plasticized regions. TRANSPORT AT CARRIER-LIMITED CURRENTS 

Because of the naturally low concentration of sites, 
carrier membranes can be close to failure of Donnan 
exclusion, which means that bathing the membranes 
in a high concentration of the sensed ion M+ will 
allow admission of salt into them. The membranes 
lose pennselectivity, the potentiometric responses de- 
viate negatively from Nernstian expectation, and the 
responses also become sensitive to the anion of the 
bathing electrolyte according to the Hofmeister hy- 
drophobicity sequence.4 Addition of mobile sites, 
such as TPB- (tetraphenylborate), improves the 
Nemstian response. Inorganic TPB- salts, e.g., 
NaTPB, must not exceed the total carrier in concen- 
tration, otherwise the membrane loses specific carrier 
selectivity and acts as a simple mobile-site membrane 
with a general response to cations. Addition of TPB- 
as the salt of a hydrophobic cation, e.g., a tetra- 
alkylammonium ion, avoids this interference.*’ 
The theory has been tested with independently deter- 
mined extraction coefficients, and used to fit experi- 
mental data obtained for many potassium salts with 
valinomycin as carrier.4 

Failure of Donnan exclusion 

The possibility of extensive failure of Donnan 
exclusion as the activity of the bathing electrolyte is 
increased is built into the carrier transport theory. 
Salt extraction may then occur, with consumption of 
the excess of carrier, so that back-diffusion of the 
excess of carrier is affected. Instead of the limiting 
current being independent of the bathing electrolyte 
activity, it may rise or fall, depending on the relative 
mobilities of the carrier complex and the encroaching 
electrolyte anion, as more carrier is consumed by 
increasing concentrations of the bathing electrolyte. 
Decreasing limiting currents were observed for the 
Ca’+-ETH 1002 carrier system.” This result is not 
surprising because the high-pennittivity plasticizers 
required for bivalent systems encourage Donnan 
failure. 

The conditions for failure of Donnan exclusion 
and for the extension of classical theory to neutral 
carrier systems were explained in detail earlier.4 The 
main notion is based on the extraction equilibrium 

Electrochemistry of Kval+ in membranes 

Current-voltage curves for the steady state have 
been extensively determined over a +55 V range.‘*5 
Ohmic character is observed at low voltages and the 
values agree with independent determinations from 
impedance data. Likewise, the limiting currents obey 
the theory and give reproducible values for the carrier 
diffusion coefficient that agree with independent 
determinations. However, at high applied voltages, 
voltage-induced failure of Donnan exclusion occurs: 
the currents rise linearly with voltage to above the 
limiting value, to an extent dependent on the hydro- 
phobicity of the anion of the bathing electrolyte. 
Normal behavior can be recovered by removing the 
offending anion and soaking the membrane in more 
dilute solutions of a chloride, fluoride or hydroxide. 
Because an excess of carrier is available, this behavior 
is ultimately limited by complete conversion of the 
membrane into the complex salt form. This carrier- 
assisted Donnan failure is a basic consequence of 
Morf s theory,” as elaborated by Buck et a1.,4 to 
explain responses in bathing solutions containing a 
low concentration of potassium tetraphenylborate. 

K= [a(Kvel+)a(X--)lmembrane 
bcKvd+ p&bathing solution 

(1) 

This “constant” K is, in fact, dependent on the local 
concentration of carrier in the membrane surface 
because the species Kval+ X- does not exist in solu- 
tion. Only K+X- has a significant concentration in 
solution, but the intuitive ideas are clearer when K is 
temporarily taken as being constant. The membrane 
is pretreated with Kval+ so that at zero concentration 
of K+X- in the bathing solution the membrane 
contains Kval+ S-, with site concentrations S about 
O.l-1mM. The carrier concentration, P, is taken to 
be about lOmM, i.e., 10-100 times S. 

Symmetric bathing of membrane, reversible ion- 
exchange 

For all symmetric bathing concentrations of 
K+X-, there is a small amount of X- in the mem- 
brane, and the Kval+ concentration is greater than in 
S. According to classical theory,4 the concentrations 
are: 

for all x: 

Current-time curves, though mathematically 
difficult to express in closed form, predict ohmic 
initial values, as found experimentally for the Kval+ 
system.“ There is a characteristic transition time 
followed by an exponential current decay to the 
steady state value. The carrier diffusion coefficient 
can be determined experimentally from the transition 
time or from the decay time constant. Both of these 
give values which agree with that from the limiting 
current and provide an adequate test of normal 
behavior and of the approximate theory.6 

[x-l = -S/2 + (S2/4 + Q2)“* (2) 

for all x: 

[Kval+] = S/2 + (S*/4 + Q2)‘/2 = C, (3) 

at x = d: 

[val], = 0; at x = 0: [val],=2P-S-Cd (4) 

where 

Q2 = Ka*/y* (5) 

and y is the mean solution ion-activity coefficient. 
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Fig. 1. (a) Schematic of concentration profiles of species in an ideal permselective carrier membrane at 
zero and at limiting current. (b) Schematic of concentration profiles of species in a symmetrically bathed, 
carrier membrane at failure of Donnan exclusion. (c) Schematic of concentration profiles of species in an 
asymmetrically bathed carrier membrane at zero and at limiting current, at failure of Donnan exclusion. 

When K or the external activity of K+ X-, a, is very 
large, K+X- is taken up until all of the carrier is 
consumed as complex and the membrane is flooded 
uniformly with Kval+ X-. The concentration profiles 
before and after failure of Donnan exclusion are 
illustrated schematically in Fig. 1. Curiously, the 
partial limiting current carried by Kval+ decreases 
and becomes zero when carrier is totally depleted, 
because this ion cannot move unless carrier is 
returned by diffusion across the membrane. During 
Donnan breakdown anions carry an increasing 
portion of the current, but cannot carry more current 
than is allowed by the diminishing internal diffusion- 
migration electric field. The latter is determined by 
the partial limiting current carried by Kval+. 

Nothing has been said concerning the role of free 
K+, because its concentration is small when the 
membrane contains an excess of carrier, by virtue of 
the large complex formation constant for Kval+. 
When all the carrier is converted into Kval+ Cl-, and 
still higher bathing concentrations of potassium chlo- 
ride are used, then even more potassium chloride is 
extracted into the membrane; the resistance drops 
further, and more current can cross the membrane. 
Since free K+ is more mobile than Kval+, the limiting 
current may continue to increase at all higher bathing 
electrolyte activities, even though the complexed spe- 
cies is not a significant current carrier, i.e., the 
transference number of Kval+ decreases while that of 
K+ increases to the value for potassium chloride in 
the membrane. The flux of Kval+ is determined by 
the flux of free carrier. Since there are no diffusion 
terms, ion fluxes are determined by the constant field 

term in the Nernst-Planck equation. Thus, 

(FdIRV4lax = (o,~/oK,,,)[vallo/[Kval+l (6) 
The partial currents are: 

- 1x,,, (d/FAD,,,,) = [2P - S - C,] (7) 

-Ix(d/FADx) = [X-][val],/[Kval+] (8) 

D is the diffusion coefficient of the species indicated, 
d is the membrane thickness, I is the current, and A 
the area of the membrane. 

Asymmetric bathing of membrane 

If Donnan exclusion fails at x = d, but not at 
x = 0, then 

at x=d: 

[X-l&$ = -s/2 + (P/4 + Q*)“*; 

at x = 0: [x-l,=0 

at x = d: 

[Kval+],= S/2 + (S*/4 + Q*)“* = C,; 

at x=0: [Kval+]=S 

at x = d: [valid = 0; 

at x=0: [val],=2P-S-C, 

(9) 

(10) 

(11) 

Use of normal Nernst-Planck transport equations for 
the carrier, Kval+ and X- fluxes,’ and a linear 
approximation for the concentration profiles, gives 

[Kval+] = S + ([Kval+],,- S)x/d (12) 

P-l = [X-Lx/d (13) 



The internal field, &#/ax falls according to 

(Fd/2RT)d~/dx = (P - C,)/(S + [X-Lx/d) (14) 

The net diffusional potential difference is given by 

(FI2Rmh - dbo) 

= {(V - Cd/P-1,) WKval+ldS) (15) 
As Q = 0 for ideal Donnan exclusion, this equation 
is indeterminate. However, expansions give 

(F/RT)(h - 40) = (2V - a/s 
= - LI dlA&va, 8-S 

or 

Figure 2a shows the calculated total current, anion 
partial current and cation partial current for sym- 
metric bathing. At low concentrations (below one 
unit), Donnan exclusion holds: the cation current 
remains constant and the anions contribute nothing 
initially. This calculation can be scaled along the 
bathing concentration axis by making K smaller. 

For asymmetric bathing, the results are illustrated 
in Fig. 2b. Consequences of the failure of Donnan 
exclusion are as follows. 

(1) When the co-ion (the anion in the following 

(16) examples) diffusion coefficient is comparable to or 
larger than that of the counter-ion, limiting currents 
increase. 

R, = & = (RT/FZ)d/ADKvn,S (17) 

This equation can also be obtained from equation (5) 
and applies to both symmetric and asymmetric 
bathing. The partial currents are approximately 

-La, (dIFAD,v, I= 2( v - S/2 - G/2) (18) 

-Ix(dIFADx) = [x-l, (19) 

To illustrate these cases very simply, S, K and the 
activity coefficients were all assigned a value of 1. 
External concentrations were varied from zero to 10 
arbitrary units. Because small anions move faster 
than the bulky Kval+, Dx/DKvY, = 5 was selected. 

(4) For symmetric bathing, concentration profiles 
should be uniform throughout the membrane. 
Current-voltage curves at increasing applied voltages 
should be linear, i.e., ohmic. 

(a) 
45 r The ionophores examined in this paper are non- 

c actin (Non), tri-n-dodecylamine (TDA), and (-)- 
(R,R)-N,N’-bis[ll-(ethoxycarbonyl)undecyl]-N,N’- 
4,5-tetramethyl-3,6-dioxaoctanediamide (ETH 1001). 

EXPERIMENTAL 

The cell, electrodes and associated experimental appara- 
tus have been described elsewhere.’ Nonactin was purchased 

-5 - I I I I from Sigma; ETH 1001 was obtained from Fluka and 
0 2 4 6 6 10 tri-n-dodecylamine from Alfa. The membranes were pro- 

Bathing concentration function duced as described ear1ier.r.’ Nonactin and TDA mem- 
branes were plasticized with dinonyl adipate (DNA). The 

(b) ETH 1001 was plasticized with o-nitrophenyl octyl ether 

63 r 
(o-NPOE). 

E 
$ 49- RESULTS 

Steady-state responses 

Nonactin. The steady-state current-voltage curves 
reveal that the mode of cation transport is nearly the 
ideal neutral carrier mechanism found for valino- 

-71 I I I I I mycin. This conclusion can be reached from, among 
0 2 4 6 6 10 other evidence, the proportionality of the limiting 

Bathing concentration function currents to the carrier concentration. Figure 3 shows 

Fig. 2. Predicted behavior of limiting current vs. bathing the curves for two carrier concentrations, 14.8 and 

electrolyte concentration: total current, anion current, 2.79mM. This dependence on carrier concentration 
cation current and electric field. (a) Symmetric bathing, was derived earlier,5 and is the direct result of carrier 
flooded membrane; calculations with equations (6)-(s) with 
S=l, K=l, p=lO, DX/DKv,,=5. (b) Asymmetric 

back-diffusion. The predicted form of the equation is: 

bathing; calculations with equations (14) (18) and (19) with IL = 2AFD,,,tie,, V/d (20) 
the same parameters as for (a). IT = total current; field ( - E) 

is (Fd/RT)&/&r; reduced currents are (-Id/FAD) Equation (20) differs from equation (7) in that the 
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(2) Increasing limiting current occurs after onset of 
Donnan failure. The required bathing concentration 
is a complicated function of D,, Dcatier, K and the 
bathing activities. For normal symmetric bathing, a 
maximum in the limiting current is expected. 

(3) When the permittivity is large, K+X- can be 
extracted into the membrane without carrier. The 
limiting current may increase further because the 
decreasing transference number of the complex is 
replaced by a comparable transference number of the 
free cation. 
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Fig. 3. Current-voltage curves for different nonactin con- 
centrations in the membrane (sweep in the direction of 
increasing voltages): 0, 14.8mM nonactin; + , 2.79mM 

nonactin. 

total carrier concentration replaces the free carrier 
concentration because only a small amount of carrier 
is bound in the complex. Table 1 gives the limiting 
currents from a number of measurements. The 
diffusion coefficient for nonactin is found to be 
1.3 x lo-* cn?/sec. That the limiting current (for the 
same membrane) is the same when the membrane is 
bathed in 0.001 or O.OOOlM ammonium chloride 
implies that carrier is not consumed by uptake of ions 
from the bathing solution nor lost to the solution. 

It has also been shown that there is a 1: 1 ratio 
between the cation and ionophore in the 
ammonium-nonactin complex.** The charge is pre- 
sumably transferred by the NH,Non+ complex 
through the fixed sites. This conclusion is consistent 
with the equality of the high-frequency and d.c. 
resistivities (Table 2). This property of fixed-site 
membrane transport has been mentioned before.*’ 
The constancy of membrane resistivity at different 
bathing concentrations also indicates ideal behavior. 
On application of high voltages (and depending on 
the concentration of the bathing solution) the cur- 
rents increase above the expected limiting values, 
because of failure of Donnan exclusion. This result is 
completely analogous to that for the valinomycin 
membrane. Further confirmation of ideal behavior is 
given by the transient behavior (see below). 

Table 1. Steady-state limiting currents of 
nonactin membranes with different carrier 

concentrations 

C,, id, mole km 4 I, , PA 

0.00125 2.67 
0.00125 2.44 
0.000232 0.56 
0.000232 0.55 
0.000232 0.59 
0.000232 0.57 
0.000232 0.55 

Slope = 0.00196, y = intercept = 1.08 x 
lo-‘, correlation coefficient = 0.9976, 
D Non = 1.3 x lo-* cm*/sec. 

Table 2. Comparison of high- 
frequency and d.c. resistivities 
for a nonactin membrane with 

DNA plasticizer 

Pm, Mn cm Pd.e.r bfn cm 

203 202 
489 481 
404 373 
147 147 
190 189 
237 232 
674 661 
674 700 
164 171 
975 903 

Another similarity between nonactin and valino- 
mycin is found in the impedance data (not shown). A 
1% w/w nonactin membrane has a typical specific 
resistivity, pm, of 215 MR cm and a dielectric con- 
stant of 10. There is a second semicircle (which is 
time-dependent) in the complex impedance plane, 
and this can be removed by exposing the membrane 
surface to air. A membrane soaked for 12 hr in 
O.OOlM ammonium chloride develops a low- 
frequency semicircle in the impedance plane, with a 
normalized resistance of 1.55 MD cm. The nor- 
malized capacitance is 0.155 pF/cm* and the time 
constant is 0.241 sec. The second semicircle is thought 
to be a film resistance arising from exuded plasticizer 
or surfactant impurity on the surface, analogous to 
the Kval+ film.**’ 

Tri-n-dodecylamine (TDA). The current-voltage 
curves for TDA membranes have limiting currents 
that depend on the bathing solution concentration as 
well as on the carrier loading. This is an illustration 
of the abnormal behavior expected theoretically when 
failure of Donnan exclusion occurs by virtue of the 
carrier hydrophobicity and a large ion-carrier com- 
plex formation constant. Figure 4 shows that a 
5.39mM TDA membrane gave constant (within 
experimental error) limiting currents at the lowest 
bathing activities, followed by diminishing plateau 

* 
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Fig. 4. Electrolyte concentration studies on the steady-state 
current-voltage properties of TDA membranes. Sweeps are 
in the direction of increasing voltages. 0, O.IM HCI; *, 

O.OlM HCl; +, O.OOlM HCl; x, O.OOOlM HCl. 



Ion transport properties of membranes 95 

currents at increasing hydrochloric acid concen- 
trations. The limiting currents were 3.75 PA for 
O.OOOlM, 3.78 PA for O.OOlM, 2.98 PA for O.OlM 
and approximately 0.6 PA for O.lM hydrochloric 
acid. This dependence is consistent with the simple 
theory in equations (7) and (8). At about O.OOlM 
hydrochloric acid concentration, failure of Donnan 
exclusion has become significant. As the membrane 
extracts more protons, as HCl, more carrier is con- 
sumed. The amount of bound carrier is no longer 
negligible, and the cation limiting current decreases. 
This loss of pennselectivity and the resultant 
carrier consumption may very well be the cause of 
this sensor’s potentiometric failure at high acid 
concentrations. 

When failure of Donnan exclusion occurs, the 
limiting currents are no longer proportional to total 
carrier content. The experimentally found limiting 
currents would be expected to increase with, but not 
necessarily be proportional to, carrier loading at fixed 
bathing solution activities above about O.OOlM 
hydrochloric acid. The currents observed are not 
proportional when 22.6 and 5.39mM TDA mem- 
branes are compared. The limiting currents are 7.71 
and 3.78 PA for the two carrier loadings, respectively, 
in O.OOlM hydrochloric acid. Evidently these concen- 
trations do not produce excessive amounts of salt 
extraction, as judged by the nearly equal limiting 
currents when the membranes are bathed in 0.001 
and O.OOOlM hydrochloric acid. However, it can be 
proved from bulk resistivity measurements (below) 
that the Donnan exclusion in this system is on the 
verge of failure. There seems to be. sufficient excess 
current contribution from co-ions to cause high 
apparent diffusion coefficients of TDA, as judged 
from the values for the 22.6mM membrane 
(2.7 x lo-* cm2/sec) and the even greater value 
(5.6 x lo-* cm2/sec) for the 539mM membrane. 

The initial d.c. resistances agree with the high- 
frequency resistances for membranes bathed in 
O.OOlM (and lower concentration) hydrochloric acid. 
As failure of Donnan exclusion begins with 
>O.OOlM hydrochloric acid, we find that the bulk 
resistivities of TDA membranes decrease with in- 
creasing acid concentration: 314 MR cm in O.OOlM, 
54.5 MR cm in O.OlM and 41.6 MD cm in O.lM 
hydrochloric acid for 5.39mM TDA membranes. 

TDA membranes, dried in air after exposure to 
solutions, show an unusual growth of the surface film 
impedance, illustrated in Fig. 5. This behavior is 
unlike that found for valinomycin membranes. A 
22.6mM TDA membrane soaked in O.OOlM hydro- 
chloric acid displays well-resolved bulk and surface 
semicircles in the impedance plane. When the mem- 
brane is exposed to air, the surface semicircle appears 
to grow, but merges into the bulk semicircle. Before 
the exposure of the membrane to air, the specific 
resistance for the bulk semicircle was 156 MR cm, 
with a time constant, 7i, of 0.123 msec. The nor- 
malized resistance for the low-frequency semicircle 
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Fig. 5. Impedance plots of 22.6mM TDA membranes when 
bathed in O.OOlM HCl; +, before membrane surface exposed 

to air; +, after membrane surface exposed to air. 

was 0.286 MR cm and 7i was 0.0454 msec. After 
exposure of the membrane to air, the bulk resistivity 
decreased by 10% to 133 MfL4 cm, with time constant 
0.111 msec. The resistance for the second semicircle 
grew to 1.26 MD cm, with time constant 1.75 msec. 
This behavior may be the result of the surfactant 
properties of TDA at high membrane loadings. The 
two semicircles do not merge when the membrane is 
bathed in O.OOOlM hydrochloric acid. The behavior 
is normal, as judged from valinomycin-loaded mem- 
branes, and the second (low-frequency) semicircle 
disappears. This phenomenon is also dependent on 
the carrier concentration, and no merging of the two 
semicircles is observed for 5.39mM TDA membranes 
in 0.001&f hydrochloric acid. 

ETH 1001. Current-voltage curves for a wide 
range of calcium chloride concentrations in the bath- 
ing electrolyte were determined for a Ca2+-selective 
PVC membrane, plasticized with o-NPOE and con- 
taining the ionophore ETH 1001. As carrier con- 
sumption occurs, beginning at about O.OOlM calcium 
chloride, the limiting currents increase as expected 
from the simple theory. This result, shown in Fig. 6, 
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Fig. 6. Steady-state current-voltage curves for ETH 1001 
membranes bathed in different concentrations of CaCl, : + , 
16.OmM ETH 1001 membrane in O.lM CaCI,; +, 16.OmM 
ETH 1001 membrane in O.OlM C&l,; 0, 16.OmM ETH 
1001 membrane in O.OOlM CaCl,; x, lO.lmM ETH 1001 

membrane in O.OOOlM CaCl,. 
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Table 3. Bulk impedances for 1% ETH 1001 membranes plasticized 
with o-NPOE 

[CaCl,], M p,. MR cm G, PFlcm T;, msec L 

0.1 6.40 2.91 0.019 33 
0.01 24.6 2.85 0.070 32 
0.001 54.2 2.67 0.145 30 
0.0001 46.9 2.57 0.120 29 

is expected in view of the high-permittivity plasticizer. 
Only the lowest bathing concentration gives reliable 
data for pure CCa*+ transport. Data for O.OOOlM 
calcium chloride were used to calculate the steady- 
state diffusion coefficient, 5.0 x lo-* cm2/sec. Anal- 
ogously rising limiting currents with increasing potas- 
sium chloride concentration were observed for 
the Kval+ electrode when it was plasticized with 
o-NPOE.’ 

The current-voltage curves for ETH 1001 mem- 
branes are different from, but complementary to, 
those for a structurally similar ionophore, ETH 
1002.” With ETH 1002 the current-voltage curves 
show decreasing limiting currents with increasing 
calcium chloride concentration in the bathing solu- 
tions, as a result of extensive carrier consumption. 
Our conclusion is that the earlier results” correspond 
to greater failure of Donnan exclusion, so that the 
limiting currents are on the high-concentration side 
of the response maximum. The structures are de- 
scribed by Morf24 as ligands 8 (ETH 1001) and 15 
(ETH 1002). ETH 1002 differs from ETH 1001 only 
in the lack of the two methyl groups in the 4- and S- 
positions. The implication is that ETH 1002 forms a 
stronger complex. 

Figure 6 is thought to be an accurate represent- 
ation of the current-voltage curve for two reasons. 
First, voltage-induced membrane change was min- 
imized by initially applying only small voltages. 
Voltage-assisted salt extraction occurs mainly at 
higher voltages. In this way, all points measured were 
subject to the lowest possible applied bias (i.e., the 
least possible membrane change). Second, the steady- 
state data were measured at a constant current for 
16 min. 

The steady-state resistivities confirm that salt ex- 
traction is occurring. The d.c. resistivities for a 16mM 
ETH 1001 membrane were 10.7, 13.7, 16.5 and 29.6 
MR cm for membranes bathed in 0. I, 0.01, 0.001 and 
O.OOOlM calcium chloride, respectively. In all the 
solutions, the resistances decreased during current- 
voltage curve measurement and reached steady values 

Table 4. Surface film impedances for 1% ETH 1001 
membranes plasticized with o-NPOE 

[CaCl,], M R, MI2 cm C, pF/cm2 5,, msec 

0.1 0.0229 0.616 14 
0.01 0.0801 0.436 35 
0.001 0.355 0.371 132 
0.0001 0.282 0.555 156 

after about 16 min. These resistivity drops are much 
more pronounced than the small drops found with 
low-permittivity DNA-plasticized membranes.’ The 
great amount of voltage-assisted salt extraction 
required to reach a steady state is a consequence of 
the higher permittivity of o-NPOE. 

The high-frequency bulk resistance is also de- 
pendent on the bathing electrolyte concentration and 
provides further confirmation of failure of Donnan 
exclusion. Tables 3 and 4 give impedance values for 
a 1% w/w loading membrane over a wide bathing 
concentration range. The bulk resistivities (Table 3) 
increase with decreasing solution concentration until 
the membrane is bathed in O.OOOlM calcium chloride. 
Similar behavior is also found for the surface film 
resistances (Table 4). Toth et al., 3 have interpreted 
this behavior as concentration-dependent salt extrac- 
tion into the exuded film. The properties of this 
film are similar to those of other plasticized PVC 
membranes, with the exception of TDA-based films 
(see above). 

Current-time behavior 

Nonactin. Fixed-site systems loaded with a large 
excess of neutral carrier should display current-time 
responses to a constant applied plateau voltage that 
have three characteristic regions: (1) the nearly 
constant initial current, (2) a monotonic exponential 
decay and (3) a steady-state current.’ The current- 
time transient of a 2.79mM nonactin membrane is 
illustrated in Fig. 7. All three regions are observed. 
The initial current is exactly given by - V.rpl /R, and 
a number of resistivity values are given in Table 2. 
The nearly constant initial current reflects transport 
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Fig. 7. Current-time transient of a 2.79mM nonactin 
membrane in O.OOlM NH,Cl. Bias is -2.33 V. 
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Fig. 8. Plot of ln[Z - ZJ us. time for the transient in Fig. 7. 
Slope = -0.00375, y-intercept = - 13.28, square of the 
correlation coefficient = 0.9965, 5,, = 1.4 x IO-* cm*/sec. 

of NH,Non+ through fixed sites of the membrane. At 
the transition time, the surface concentration of the 
carrier is zero on the side of the membrane at which 
NH: enters, and 2 P on the side at which NH: leaves. 
The transition time can be used to calculate the 
diffusion coefficient of nonactin in the membrane, 
For 1% nonactin membranes, the calculated 
diffusion coefficient is 1.6 x 1W8 cm”/sec. Figure 8 is 
a ~milogarithmic plot of Fig. 7, and the decay is seen 
to be exponential, as predicted.” The slope is 
-0.00375, which gives a diffusion coefficient of 
1.4 x 10e8 cm2/sec. The intercept gives a diffusion 
coefficient of 1.6 x 10e8 cm’/sec. 

The current-time transients in the high-voltage 
range, where Donnan exclusion may fail, differ from 
those described for valinomycin under the same 
conditions.’ Valinomycin-loads membranes show a 
monotonic current decay at high voltages when 
bathed in potassium chloride solutions. Nonactin- 
loaded membranes bathed in ammonium chloride 
solutions show a nonmonotonic transient after the 
transition time. The reason for this has not been 
established, but failure of Donnan exclusion is 
thought to be the cause. A similar curve was found 
for a normal valinomycin membrane, when bathed in 
po~ssium iodide rather than potassium chloride 
soiution. Failure of Donnan exclusion was confirmed 
by the current-voltage curves for the iodide system. 
Nonmonotonic decay was found only at high 
voltages. 

Tri-n-dodecylamine. Figure 9 shows the current 
decay for a 539mM TDA membrane bathed in 
0.00184 hydrochIoric acid. The initial constant- 
current part of the decay corresponds to an apparent 
diffusion coefficient of 3.9 x 10e8 cmz/sec, compared 
with 5.6 x 1Om8 cm*/sec for the steady-state calcu- 
lated value. The initial constant current implies fixed 
sites, uniform concentration ofprotonated TDA and a 
uniform concentration of any encroaching anions. In 
the transient state the CM+X- concentration profile 
may range from high on the side from which CM+ 
leaves, to low on the side at which it enters (Fig. 2). 
The theory has not been worked out for this compli- 
cated case. We surmise that the calculated diffusion 
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Fig. 9. Current-time decay of a 5.39mM ‘IDA membrane. 
Bias is -18 V. 

coefficients should be more nearly correct from the 
t = 0 data than from steady-state data, because the 
contribution from anion transport should be least 
when the concentration profiles of charge carriers are 
constant. The semilog plot of the current, corrected 
for the steady-state value, gives a decay time constant 
of the order of -0.0015 set, which is much too low, 

ETH 1001. The initial part of the current decay for 
this neutral-carrier membrane differs from the tran- 
sient for the valinomy~n-loads o-NPDE. The cur- 
rent first increases with time, then drops sharply and 
finally decays to a steady-state value, as shown in Fig. 
10. Integrating the initial current up to the time of the 
sharp break, r, which is analogous to the transition 
time in the normal case, gives Qi, the number of 
coulombs passed, and r. We have surmised that the 
polarized state depends on the boundary conditions 
and not on the integration pathway. Then from the 
integrated form of the Sand equation: 

r”‘= 2Qin/zFAD&,x’“C, (21) 

Dulnie, can be calculated; this gives L&rH,e,, 
= 5.0 x 10T8 cm2/sec. The semilog plot in Fig. 11 
reveals an exponential decay, with a time constant 
equivalent to L&n ,oo, = 4.7 x IO-* cm2/sec. 

CONCLUSIONS 

Normal permselective behavior of the current- 
voltage and current-time responses was previously 
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Fig. 10. Cur~nt-time decay of a lO.lmW ETH 1001 
membrane in O.OOlM CaClz. Bias is -8.73 V. 
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carrier complexes. Similar conclusions have been 
reported for other systems.9,25 
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Fig. 11. Plot of ln[l -&] 0s. time for the transient in 
Fig. 10. Slope = - 10.8, y-intercept = - 10.41, square 

correlation coefficient = 0.9977. 

known only for K+-vaiinomycin in low-permittivity 
plasticized membranes. Normal behavior has now 
also been found for nonactin in DNA. Typical low 
site-density PVC membranes with o-NPOE plas- 
ticizer are on the verge of failure of Donnan exclusion 
over some part of the practical bathing concentration 
range. New abnormal response characteristics are 
reported, i.e., limiting currents, apparently in the 
plateau range of applied voltages, vary with bathing 
electrolyte concentrations; limiting currents are not 
exactly propo~onal to carrier con~ntration under 
constant bathing concentration conditions and 
current-time curves show maxima, or decrease with- 
out the expected initial constant-current region. 
Moreover, the apparent diffusion coefficients of 
carriers increase with increasing bathing electrolyte 
concentration. Bulk resistances, measured by the 
impedance method, decrease because of encroach- 
ment of salt at some point in the course of increasing 
the bathing electrolyte concentration. The theory 
should be modified to account for anion encroach- 
ment, consumption of free carrier and the linear 
increase of limiting current with high applied voltages 
beyond the normal plateau limiting current range. 

The theory has been amended in two ways: for 
uniform and nonuniform encroachment of bathing 
electrolyte into the membranes from symmetric or 
asymmetric bathing, but only for steady-state 
responses. For normal symmetric bathing, limiting 
currents can increase and pass through a maximum. 
Experimentally, one or both of the effects can be 
found for all the carriers studied in membranes 
plasticized with o-NPOE (including valinomycin, as 
reported elsewhere) and for TDA in DNA-plasticized 
membranes. 

The mobilities of the acyclic carriers are generally 
larger than those of the cyclic carriers studied. The 
diffusion coefficient of TDA is at least twice that for 
the cyclic carriers. This may be explained, in part, by 
the smaller size or different shapes of the ion/carrier 
complexes compared with the bulky, spherical, cyclic 
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Summary-Electrostatic effects are important in many reversed-phase liquid chromatographic separations 
involving surfactants and ion-pair reagents. To give better understanding of such systems the 
Poisson-Bohzmann equation has been solved for two cases. The first is that of an infinitely long cylinder 
with charge density on the inner wall, and two phases in the interior, one in the center and the other around 
it. Salts with ions of various solubilities in each phase may be present. The solution is obtained for the 
low-potential case (A+e/kT<< 1). The second case is that of a planar sandwich, wall/phase l/phase Z/phase 
l/wall, with the same chemistry as case 1 but without the low-potential restriction. In case 2, there is also 
a Langmuir adsorption isotherm for each ion. The theory shows that the information gained from the 
Stem-GouyChapman theory, which is mathematically semi-infinite, only applies when the diffuse layer 
thickness is much smaller than the pore radius, an unlikely circumstance in chromatography. The 
volume-averaged electrostatic potential difference can be measured experimentally with the solutes @i, 
&As+, #JOB- (4 = phenyl). The results are in agreement with theory. They show that the electrostatics 
of the system is dominated by fixed charges on the silica when the salt present is insoluble in the stationary 
phase, but when ions with some solubihty in the stationary phase are used, mixed effects are obtained. 

The interactions between ions and between ions and 
surfaces have been employed to great advantage in 
reversed-phase liquid chromatography.’ Many care- 
ful studies have been made in which retentions of 
charged solutes have been determined as a function 
of solution conditions2-’ The models used to describe 
these events were primarily chemical in nature. 
Various equilibria, erroneously referred to as “mech- 
anisms”, were called on to explain the solute behav- 
ior, such as ion-pairing, surfactant adsorption and 
ion-exchange. 

Later, more general electrostatic models 
emergeda-” in which the primary influences on reten- 
tion were the surface charge density on the stationary 
phase, and the ionic strength of the mobile phase. 
These models are generally successful. The most 
detailed of the models is that of Cantwells.“-’ 
who employed the Stern-Gouy-Chapman theory of 
the electric double-layer to find the chromato- 
graphic properties of an ionically buffered sur- 
factant-containing system. In this theory,‘“” the 
simultaneous solution of the Poisson equation of 
electrostatics and the Boltzmann equation of statisti- 
cal mechanics is obtained to relate surface charge 
density, ionic strength and potential-distance profile. 

The work of Knox and Hartwick’ in clarifying the 
relationships among the various equilibria in these 
sytems, and of Cantwell” in relating the chro- 
matographic phenomena to an established paradigm 
for the liquid-solid interface, together provide a solid 
foundation for a rather complete appreciation of 
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ionic effects in chromatography. There do remain, 
however, some areas for continuing investigation. 
What, for example, is the influence of a rather thick 
stationary phase on the electrostatics? Can the 
influence of adventitious ion-exchange sites on the 
stationary support I9 be included in electrostatic 
models that have a stationary phase overlayer? What 
is the influence of the pore size on the system? What 
is the influence of non-surface-active ions? 

We seek answers to these questions. Because of the 
remarkable sensitivity of chromatography, small 
energetic effects are visible as changes in the capacity 
factor k’. Also, the potential gradient at the interface 
may have an influence in separation of large mole- 
cules (e.g., proteins), since the dipole moment of such 
molecules can be large. Thus, the effects described, 
although couched in a theoretical framework, are of 
practical importance in separation. Regardless of its 
chromatographic relevance, the physical problem of 
the electrostatics in a cylinder is a current research 
problem,20~2’ e.g., for understanding flow in capillary 
zone electrophoresis.” 

THEORY 

Symbols 
a radius of inner cylinder (stagnant mobile 

phase) 

cij a coefficient 
e charge on the electron 
I ionic strength 
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modified Bessel function of the first kind, of 
order zero 
modified Bessel function of the first kind, of 
order one 

k 

Boltzmann’s constant 
modified Bessel function of the second kind, 
of order zero 

4 modified Bessel function of the second kind, 
of order one 

np concentration of ion i in bulk solution 
(outside the porous particle) 
radial dimension 
radius of pore 
temperature 
charge of ion, including sign 
molecular volume or area of species i 

kb,,lk;,,; M = AS, B; 4 = phenyl 

&c,K, 

Li 
K 

transfer activity coefficient for ion i (mobile 
phase to stationary phase) 
permittivity of medium i 
inverse Debye length 

AN “,, _ free energy of transfer of an ion from 
stagnant mobile phase to stationary phase. 

IL(r) electrostatic potential at point r 
d surface charge density* 

Two theoretical descriptions will be given for the 
problem of understanding electrostatics in chro- 
matography. These will be related to the treatment of 
Cantwell in the discussion section. The two the- 
oretical treatments are: the analytical solution of the 
linearized Poisson-Boltzmann equation for a cylin- 
drical pore that has two phases (the stationary phase 
and the stagnant mobile phase); the numerical solu- 
tion of the Poisson-Boltzmann equation for a satur- 
able surface (the Stem model**), and a surface charge 
density in a thin “sandwich” (surface/phase l/phase 
Z/phase l/surface). The first case has limited applica- 
bility in most chromatographic circumstances, but it 
is easy to program (the solution is in terms of Bessel 
functions) and allows appreciation of the effect of 
various ions and solvents and the dimensions of the 
system. The second must be solved numerically, but 
it is quite comprehensive in allowing any number of 
ions and permanent ion-exchange sites for arbitrary 
concentration and solubility. 

Derivation I 

The pore of a stationary particle is modeled as an 
infinitely long cylinder with radius R. The stagnant 

*The charge is negative and related to the number of 
anionic sites per unit surface area, and for convenience 
is expressed in units of -lo-‘* mole/cm*. 

mobile phase occupies the central region, of radius a. 
The differential equation governing the system is 

i 
- :Tz,enpexp{-zie$(r)/kT}; 

1 
(O<r,<a) (la) 

= 

- z$zienpyiexp{ -z,e+(r)lkT}; 

1 (adr<R) (lb) 

For potentials that obey the relationship shown in 
equation (2) 

kT 
l$(R)l <cm (2) 

we can linearize equation (1) to yield equation (3): 

d*Jl 1 d$ 
s+;z+aj-bj$ =O; 

(j=l,Odr<a; j=2,a<r<R) (3) 

a, =4”Czienp 
L I i 

(6) 

(7) 

This leads to the solution 

tij - 2 = C,,&(X) + C*j&(X) (j = 1,2) (8) 
I 

where 
x = Kj’ (9) 

The four coefficients are calculated with the following 
four boundary conditions: 

(i) r =0 a$/& =0 (symmetry) (10) 

(ii) r =R a* 4x -_=-_d 

ar c2 

(iii) 
a*, w2 

r=a t,-=t2- 
dr ar 

(11) 

(12) 

(iv) r=a 1(1,=$* 

yielding 

(13) 

c* I,(K*a) c,, =-- c -2 ’ 

6, I,(K,a) ‘* 

c K(K2a)C 

s,I,o ** 
(14) 

c,* = 

(a2/K2)Il(Kla)Kl(K2R) + z [B~dKIa)KI(K2R) + &X6(w)bha)l 

denominator 
(1% 

denominator = &,(K,a)[l,(K,a)K,(K,R) - K,(K2a)l,(K2R)] - &(K2a)I,(K,a)K,(K2a) - &(K2a)I,(K,a)~,(K2R) 
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(16) 

In the expressions above, 1, and Z, are modified Bessel 
functions of the first kind, of order zero and one, 
respectively. K,, and Kr are modified Bessel functions 
of the second kind, of order zero and one, re- 
spectively. The abbreviation /3 is used for ~~K~/c,K,. 

Derivation 2 

Equation (1) is modified to allow for saturation of 
the stationary phase by ions with a large positive 
transfer activity-coefficient yi. This was done by 
Stem22 in 1924 to allow the Poisson-Bolt~ann 
equation to be used in cases where there was 
strong attraction of ions to the surface. If this consid- 
eration is not included, the Boltzmann factor, 
exp( -ze$/kT), for cases in which z and J/ have 
opposite sign, leads to unr~listi~lly high concen- 
trations. Equation (la) remains the same, while 
equation (1 b) becomes 

VZ$(r)r: _ !? 
Czienpriexp(-zz,eJl(r)IkTf 
i m 

E2 1 +Cz,en&yi exp( - z&(r)/kTf 

The new term that has been added to the denomi- 
nator is identical to the term in the numerator except 
for the factor tli, which is the molecular volume or 
molecular area, depending on the units of np. This 
equation has been simplified, for practical reasons, to 
cover only the case of planar (sand~ch) geometry. 

The boundary conditions for equations (la) and 
(18) are given by equations (10x13). There is only 
one difference in the treatment of the two derivations 
in practice. The surface charge is accompanied by 
counter-ions that must be specified. Charge neutrality 
requires that the number of counter-ions should 
equal the number of fixed charges. The concentration 
of counter-ions in the cylinder is given by equation 
(19) and for the rectangular space by (20). In the 
latter case R is the half-width of the space. 

(19) 

Control of interfacial potential 

The value of rr is usually fixed by material and 
preparation considerations. Thus, it is not an experi- 
mentat variable that can be chosen at will to alter the 
potential difference between phases. The number and 
type of ions, however, are very much under the 
~hromatographer’s control. For purely chemical 
reasons, the solubilities of the anion and cation of a 
salt in a solvent are probably different from one 
another. The same can be said for a second solvent. 
Thus, the transfer activity-coefficients (partition 

coefficients) of the two ions differ. In a salt-containing 
two-phase system at equilibrium, a potential 
difference arises between the two phases that balances 
the solvation and electrostatic parts of the eIectro- 
chemical potential so that the el~tr~hemi~l poten- 
tials of the ions are equal in the two phases. Several 
reviews and compilations of data on this topic have 
been published.2Gs0 The practical result of this effect 
is that any salt in a chromatographic system con- 
tributes to the ~terfa~ial potential dl~erence. 

Of course, some experimental determination of the 
electrostatics at the chromatographic interface. is 
needed. We recently introduced a method for doing 
this.31 It relies on the use of the assumption32 that the 
solubihties of the tetraphenylarsonium and tet- 
raphenylborate ions are the same. This assumption 
has been critically discussed.2s~33-3s A consequence of 
this assumption is that the k’ values for the solutes 
&As+ and #,B- are expected to be the same in the 
absence of electrostatic effects. In the presence of 
such influences, however, the retention times of the 
charged species reflect the volume-weighted average 
of the potential in the two chromatograp~c phases. 
This may be experimentally determined by using 
the a values of the solutes, where the reference 
solute is the neutral d,Si [note: the following equation 
is correct-there is an error in equation (8) of 
reference 3 11. 

Furthermore, independent of the electrostatic effects, 
the retention of a charged species in reversed-phase 
liquid chromatography is reduced, compared to an 
otherwise identical neutral species, because of the 
lower dielectric constant of the stationary phase.“” 
This effect is inde~ndent of the charge sign of the 
ion. It can be shown3’ that the experimental quantity 

(where the 01 values are referred to k’ for $,a) is equal 
to the free energy required to transfer an ion of this 
size from the mobile phase into the stationary phase. 

In summary, since each kind of ion differs from all 
the others, it is expected that the transfer free energy 
yi of each kind will also be different from the others. 
Consequently, through the action of the salts in the 
system, the chemical nature of the stationary phase 
and the bound ion-exchange sites, an electrostatic 
potential is created in the pores of the support. The 
potential is a function of distance from the wall of 
the pore. The volume-weighted average of the 
electrostatic potential difference between the mobile 
phase and the stationary phase can be experimentally 
determined by using well chosen solutes. 

EXPERIMENTAL 

Z&oratory work 
Experimental details can be found in reference 31. The 

column (10 pm Spherisorb ODS, HPLC Technology) was 
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equilibrated with many column-volumes (typically 150 ml) 
of solvent/electrolyte before exneriments were undertaken. 
Injections of the probe solutes, &AsCI, K&B and #$i were 
done in triplicate. The electrolytes used were KCl, KCIO,, 
(n-C,H,),NCl, (n-C,H,),NClO, at 5.0, IO and 15mM 
concentration in SO/50 v/v acetonitrile/water mixture. 

Computation 
The solution of equations (la) and (18) subject to the 

boundary conditions in equations (10x13) was accom- 
plished by using the “shooting” method.” In the problem 
at hand, the two boundary conditions are r = 0 and r = R, 
Initial-value problems are fairly straightforward to solve 
since it is known where to begin integrating. The shooting 
method allows the use of initial-value solvers for boundary 
value problems. One boundary condition is known at r = 0, 
viz. the potential gradient [equation (1 l)],. A guess is made 
at +(O), followed by integration over r. At r = R the 
potential gradient should be zero. If it is not, the guess for 
J/(O) is adjusted and another try made. A root-finding 
algorithm was used to adjust $(O) automatically. For large 
pore-radii or high concentration of salts, corresponding to 
the approach to bulk conditions, the method is extraor- 
dinarily sensitive. For example, the guess at $(O) was needed 
to ten significant figures before the root-finding routine 
could converge for a computation involving 5-ym pores and 
1OmM Bu.,NCl. 

RESULTS AND DISCUSSION 

Approximate solutions for low potentials 

The overall qualitative understanding of the elec- 
trostatic events is based on investigation of the 
low-potential case given by equation (8). Figure 1 
shows how the potential varies with distance inside a 
cylinder that represents a model pore in a reversed- 
phase chromatographic particle. Note that at a salt 
concentration of 1M the potential change is clearly 
associated with the interfacial region, In the case 
illustrated, the cation is more soiuble in the stationary 
phase, so there is a slight charge separation at the 
interface. The difference between the potentials of the 

IO r 

z : 
OS-- 5 

5 
E 

_..“..___._ __.-.-. -1 /, 

______--- 
1 

0 2 4 6 8 10 

Distance from pore centrrhm 

Fig. 1. Potential us. distance for a IO-nm radius pore with 
a 2-nm thick layer of stationary phase. The dielectric 
constant of the central region is 60 (cor~sponding roughly 
to SO/SO v/v acetonitrile-water) and that of the edge region 
is 22.” The temperature is 298 K. The salt is composed of 
a univalent cation with a free energy of transfer (mobile 
phase + stationary phase) of - 300 cal/mol and a univalent 
anion with zero free energy of transfer. Identification of 
lines: -.-.-. salt ~onc~tration is 10m3M: ----- l0-2M. 

--- lo-‘M, - 1M. 

stationary phase and the stagnant mobile phase 
(stationary minus mobile) agrees with that calcu- 
lated by assuming that the pore is of macroscopic 
dimensions; i.e., equation (22) 

Uh2<<(ro - a); l/K,<<a] 

holds, as shown in equation (23): 

A$ = 
kT(ln r-/v+) I- A& - AP”_ 

(z- - z+)e (z- - z+)e 
(23) 

(All potential and free energies are for the process of 
transfer from the central zone (stagnant mobile 
phase) to the outer zone (s~tionary phase).) The 
value of kT/e is 0.0257 V at T = 298 K. For a 
difference of - 300 Cal/mole in free energy of transfer 
which is equivalent to about kT/2, and for 
z_ -2, = - 2, a A$ of about kT/4e is expected. That 
it is obtained is readily verified by inspection of 
Fig. 1. As the concentration of added salt decreases, 
the geometry begins to play a role. At IOmM 
concentration of salt, the entire pore is charged, and 
ion-exclusion of cations results. 

A solute will be influenced by the potential accord- 
ing to the Boltzmann equation. This effect for the 
stagnant mobile phase and the stationary phase is 
calculated by integrating the Boltzmann factor over 
the relevant volumes. Since it is only the radial 
direction that matters, integration over the radius is 
adequate. For the stagnant mobile phase, we have 
(n = number of molecuies, subscripts, sm = stagnant 
mobile phase, s = stationary phase, fm = flowing 
mobile phase) 

n, XC” o s r exp[ -ezJt (r)fkT]ldr (24) 
0 

and for the stationary phase 

s 

R 

n,=yC" r exp[ -ez$(r)/kqdr (25) 
(1 

In these equations C” is the concentration of solute 
in the flowing mobile phase, where it is assumed, 
reasonably, that there are no significant potential 
gradients. The potential in the flowing mobife phase 
is taken to be zero, without loss of generality. The 
partition coefficient for the probe solute in the pres- 
ence of electrostatic effects is y. To calculate k’ we 
need to know nr,,,. That can be done in the following 
way. When the potential in the pore is zero, then the 
ratio n~~/n~~ is just the porosity ratio C&E,. A value of 
0.6 has been found” for the material we use. Then, 

C” a s C”a* 
nh = G rdr =- o 1.2 

(26) 

There is an apparent discrepancy in units in equations 
(24)-(26) that is clarified if we recall that we have 
ignored the pore length, which can be taken as unity. 
By calculating values of k’ for an anion and a cation, 
both of which have the same k’ in a zero-potential 
system, we can determine an “eEeetive” potential 
difference (between stationary and mobile phases) 
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Table 1 

Line 
[Bulk salt], 0, AJ/tiV 

M mole/cm2 A/C* APY mY 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 

10-S 
10-Z 
10-l 

G 
10-j 
10-Z 
10-j 
ot 

10-j 
10-Z 
10-l 
ot 

lo-’ 
10-Z 
10-i 
0t 

1O-3 
10-Z 
10-l 

-300 
-300 
-300 
-300 

0 
0 
0 
0 

+2000 
+2000 
+2000 
+2000 
-2000 
-2000 
-2000 
-2000 

-300 
-300 
-300 
-300 

0 2.09 
0 3.71 
0 5.44 
0 6.07 
0 - 5.22 
0 -4.79 
0 -2.78 
0 -0.54 

+2000 -9.92 
+2OGu -9.75 
+2000 -8.67 
+2000 -5.64 
-2000 - 0.94 
-2000 -0.56 
-2000 -0.11 
-2000 -0.01 

0 -4.00 
0 - 2.49 
0 1.40 
0 5.02 

*Free energy of transfer of ion from mobile phase to stationary phase, in 
Cal/mole. 

tin lines 5, 9, 13 and 17 there is only counter-ion for the fixed charges present. 

that the solute experiences,3’ see equation (21). Values 
of the effective potential for the cases plotted in 
Fig. 1 can be found as entries l-4 in Table 1. Note 
that, for high concentrations of salt, the value of the 
chromatographicalIy determined effective potential 
approaches the theoretical bulk value (about +6.5 
mV). When equation (22) does not apply, the effective 
potential is lower in magnitude than the bulk value. 

Figures 2-5 show the influence of anion-exchange 
sites (- 1 x 1O-12 mole/cm*, a reasonable value”) on 
the potential. The associated effective potentials are 
shown in Table 1. 

Consider first lines 5, 9, 13, and 17 (solid lines in 
Figs, 2-5; note the difference in scales). In these cases, 
only the anionic sites on the surface, and their 
counter-ions, are present. In all cases the effective 

-10 1 I I I I I 
0 2 4 6 8 10 

Distance from pore centerhm 

Fig. 2. As for Fig. 1, except that there is a surface charge 
density of - I.0 x lo-l2 mole/cm* on the edge of the pore. 
The salt is equally soluble in the stationary phase and the 
mobile phase. The concentration of added salt (that is, not 
including the counter-ion to the fixed charges) is OM -; 
]O-3&j -.-_.-.; [Ow2M _----; lO-‘M ..---.-; . . . . zero 

reference. 

potential is negative. This is due to the sign of the 
fixed charges. The effect of the solubility of the 
counter-ion in the stationary phase is easily seen from 
the figures and the effective potentials. The poorly 

5 

0 

i! 
5 
.s -5 

5 
B 

-10 

-1; I 
0 2 4 6 8 10 

Distance from pore centerlnm 

Fig. 3. Same as Fig. 2, except that the free energy of transfer 
of both the anion and cation is +2000 cal/moie. 

0 2 4 8 8 10 
Distance from pore center&m 

Fig. 4. Same as Fig. 2 except that the free energy of transfer 
of both the anion and the cation is -2WO Cal/mole. (N.3. 
zero reference is coincident with line for 1M added sait). 

TN.. 3611.2-H 
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-10 1 I I I I I 
0 2 4 6 8 IO 

Distance from pore centerhm 

Fig. 5. Same as Fig. 2, except that the free energy of transfer 
of the cation is -300 Cal/mole, anion 0 Cal/mole. 

soluble (in the stationary phase) counter-ion (Fig. 3) 
does not efi%ctively screen the fixed charges, whereas 
the more soluble counter-ions (Fig. 5, the most 
obviously Fig. 4) do. 

As the concentrations of the salts that are “electro- 
neutral” (lines 5-16 in Table 1, Figs. 2-4) is increased, 
the effective potential decreases. The salt that is 
soluble in the stationary phase is more effective than 
the others, primarily because the number of counter- 
ions close to the fixed charges is larger than in the 
other cases. Reducing the distance between the fixed 
charges and the counter-ions by chemically attracting 
the latter (Ap”, < 0) to the interface is very effective 
in reducing the influence of the fixed charges. 

When the salt is not electroneutral, there can be a 
sign-change in the effective potential (lines 17-20 in 
Table 1, Fig. 5). When the charge separation induced 
by the differing solubilities of the anion and cation 
exceeds the naturally occurring charge separation of 
opposite sign, then the stationary phase takes on a 
positive potential, as shown in lines 19 and 20 of 
Table 1. 

All of the ion-associated phenomena typically ob- 
served in reversed-phase liquid chromatography are 
represented by the simple electrostatic picture 
presented. While formulas for retention based on 
models of equilibria2-9 are undoubtedly more useful 
to the practicing chromatographer as a means of 
predicting retention behavior in the laboratory, the 
more general model provided herein is conceptually 
more appealing, owing to its generality, if for no 
other reason. The application of Stern-Gouy- 
Chapman theory to chromatography on polysytrene- 
divinyl benzene by Cantwe is very similar to the 
electrochemical theory presented here. Cantwell 
has applied the theory for a semi-infinite system 
(bounded at one end by a surface and unbounded at 
the other) to chromatographic particles. This cannot 
be quantitatively applicable if the dimensions of the 
porous space, or indeed, of the insulating chromato- 
graphic support that separates liquid spaces, are of 
the same order of magnitude as the Debye length, as 
has been shown for a thin organic film sandwiched 

between water layers.@’ Only if the concentrations of 
salt are greater than about 1OOmM (in typical chro- 
matographic systems) will theory for semi-infinite 
systems apply. 

This is demonstrated in Fig. 6. The potential at the 
edge of the pore is plotted as a function of the inverse 
of the square root of the ionic strength. Cantwell has 
used the result of Stern-Gouy-Chapman theory for 
semi-infinite systems to describe the effect of concen- 
tration on the potential at the interface between the 
support and the stagnant mobile phase.” The theory, 
as it applies to the case in hand, is simply stated as 
equation (27): 

$(R) = constant x -!L [l/2 (27) 

where Z is the ionic strength. A plot of log [$(R)] 11s. 
log[ l/ZJi2] should yield a straight line of slope 1. It can 
be seen that only for large pores (100 nm radius) is 
the theoretical slope obtained for any significant 
fraction of the range of concentrations plotted. For 
the case of smaller pores of relevance to chro- 
matography, the potential developed is smaller and 
relatively insensitive to concentration of ions. When 
there is extraction of the added salt into the station- 
ary phase, the dependence of the potential at Z$ on 
concentration is weak and more complex. The lim- 
iting slope of the line still obeys theory, but the line 
is displaced because of the effect of the transfer 
activity coefficient on the concentration of ions near 
the fixed charges. 

Numerical solution for arbitrarily high potentials 

Qualitatively, the results of computations using 
equations (la) and (18) appear the same as those 

’ 0.10 . l 
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Fig. 6. Potential at the pore edge, I&R), as a function of 
(f z c;zf)- I/*. The surface charge density is -1 x IO-” 
mole/cm*. The open symbols are for a pore consisting of a 
single phase with a dielectric constant of 78 and diameters 
of 10 nm; 0; 100 nm, A; 200 nm, c]. The darkened symbols 
are for a two-phase cylinder with each phase having the 
same dielectric constant (78) and the anion and cation both 
having a transfer free energy of -2 kc&/mole (from stag- 
nant mobile phase to stationary phase). The pore diameters 
are 10 nm, II; 100 nm, l . In each case, the radius of inner 
cylinder is 90% of the radius of the outer cylinder. The solid 
line is the Cantwell theoretical prediction for a semi-infinite 

planar one-phase system. 
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Fig. 7. Theoretical 0.r. experimental potential. Parameters 
for theory: 7’=298 K; c, =60; t,=22; R =5 nm, 
R -a = 2 nm; Q = -2 x IO-‘* mole/~*; it has heen as- 
sumed that only one monolayer of any species will “fit” on 
the stationary phase, even though this phase is several atoms 
thick. The apparent molar volume, LX, was then taken as 
(lOlo cm2/mole) (R -a) for all ions. Added salt: KCI, 0; 
KCIO,, 0; (nC,H,),NCl, A; (nC,H,),NClO,, A. In each 
case, the concentrations are 5mM (left-hand point or points 

in each triad), IOmM (center) and l5mb.f (right). 

pictured in Figs. 1-5. The electrostatic potential 
created by the fixed charges on the silica in combina- 
tion with various ions in the solution has been 
experimentally investigated. The ions were chosen to 
span a range of solubilities. The ions and their free 
energies of transfer (water to acetonitrile, kJ/mole at 
25”) are: Cl-, 42.1; CIO;, 2; K+, 8.1; (n-C,H,),N+, 
-31.*’ Figure 7 shows the agreement between the 
chromatographically measured potential and the the- 
oretical potential. Regarding the latter, there are 
many parameters that can be adjusted to obtain a fit. 
We have chosen reasonable values for the physical 
and chemical parameters, and found a good cor- 
relation between the theory and experiment. No 
attempt has been made to find a best fit. The most 
arbitrary parameter is the free energy of transfer for 
the ions. The values for transfer from water to 
acetonitrile are well established. However, these can- 
not be used for the experimental system, which 
consisted of a SO/SO v/v acetonitrile-water mobile 
phase and a reversed stationary phase. We have 
assumed that the free energies would simply be 
decreased by a fixed factor, in this case l/3. This is 
a weak assumption in a quantitative sense. Judging 
from the limited data available,4i this assumption is 
worst for the most indifferent ions, viz. K + and ClOi. 
This is fortunate, since a significant relative error 
(e.g., a factor of two) in free energy of transfer of 
either of these ions will influence the computations 
very little. 

An implicit assumption in our treatment is that the 
free energy of partitioning adds to the electrostatic 
free energy for solutes. The chemical reasoning be- 
hind this is that the solute experiences both energies 

simultaneously. This makes physical sense for re- 
versed phases. Cantwell has assumed that the eleetro- 
static contribution and the adsorption (chemical) 
contributions to k’ are additive. This is a tenable 
model if the fixed charges are widely spaced, so that 
a solute either adsorbs on a neutral portion of the 
interface or it interacts with the charge. This seems 
less likely for reversed-phase chromatography since 
in order to get near the fixed charges the solute must 
be in the stationary phase. 

CONCLUSIONS 

Several important points have been made. A 
stationary phase influences the electrostatics of the 
system by virtue of its dielectric constant, and its 
ability to solvate ions differentially in the eluting 
mobile phase. The influence of fixed charges on the 
electrostatics is significant (Table l), but not as large 
as would be predicted from considering the system to 
be semi-infinite (Fig. 6). For large pores, the influence 
of non-surface-active ions is that predicted by 
Cantwell. For smaller pores, or for salts that are 
extracted into the stationary phase, the simple result 
does not apply. Experimental measurements of the 
volume-average electrostatic potential difference 
between the mobile and stationary phases are in good 
agreement with the theory. 
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Summary-A pattern-recognition/artificial-intelligence program, referred to as MAPS (Method for 
Analyzing Patterns in Spectra), was recently developed to identify the relationships that exist between 
substructures and the characteristic features they produce in the spectra from mass spectrometry (MS) 
and successive mass spectrometry (MS/MS). MAPS has been extended to utilize these relationships to 
formulate exclusion rules as well as inclusion rules, so that the absence of recognized substructures can 
be predicted as well as their presence. The potential usefulness of each MS and MS/MS spectral feature 
in such rule formulation is characterized by correlation and uniqueness factors. The correlation factor 
expresses the degree of correlation between a feature and a specific substructure; the uniqueness factor 
expresses the uniqueness of a feature with respect to that substructure. Features with high correlation 
factors are of most use for predicting the absence of substructures, whereas features with high uniqueness 
factors are most useful for predicting their presence. Feature intensity-data have been found to improve 
the inclusion-rule performance and degrade the exclusion-rule performance. Criteria for optimizing the 
predictive abilities of both rule types are discussed. 

Successive mass spectrometry (MS/MS) can be per- 
formed with a variety of mass spectrometric instru- 
ments, including Fourier-transform (FTMS), tandem 
quadrupole (TQMS), and double-focusing mass spec- 
trometers (MIKES or linked scan). Ions selected in 
the first stage of mass analysis undergo collisionally 
activated dissociation (CAD). The second stage of 
mass analysis provides a mass spectrum of the ionic 
CAD products (daughter ions) of the selected parent 
ion. Daughter spectra can provide direct information 
on the structure of the corresponding parent ion and 
thus, indirectly, on the structure of the portion of the 
molecule from which the parent ion was derived in 
the ion-source. 

A library of the daughter spectra of known ions 
would be of great utility for structure elucidation. 
Specific parent-ion structures can be identified by 
comparing the daughter spectra with the daughter 
spectra of known ion structures. This idea was orig- 
inally proposed by Beynon and co-workers in 1978.’ 
Although databases of reference daughter spectra 
have been created by various groups24 they have not 
been widely applied in molecular structure eluci- 
dation. There are two major reasons for this. One is 
that identifying an ion structure does not directly 

*Author for correspondence. 

identify the structure of the molecule from which the 
ion was derived. The other is that the relative abun- 
dances of ions in daughter spectra are highly de- 
pendent on instrument type and experimental oper- 
ating conditions; current MS matching routines 
depend on intensity matches at each mass value. 
Dawson’s round-robin reproducibility study showed 
that widely different daughter spectra were observed 
for specific parent ions when standardized operating 
conditions were used with different TQMS instru- 
ments.5 Comparisons of daughter spectra from 
TQMS, MIKES and FTMS instruments show still 
greater disparities. Although the mass spectrometry 
community has not yet reached a consensus on the 
criteria for collecting instrument-independent daugh- 
ter spectra,6 several prerequisites have recently been 
identified.‘,’ 

Even without instrument-independent spectra, 
MS/MS has been used very successfully for the 
determination of ion structures. However, daughter- 
spectra/ion-structure relationships are not easily 
come by; each one is generally the result of an 
intensive study. For molecular identification by this 
route, it would be necessary to identify the ion 
structures corresponding to each daughter spectrum. 
Even then, certain ion structures may be products of 
rearrangements and thus may not represent the struc- 
ture of the part of the molecule from which they were 
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Fig. I. Schematic of ACES. 

derived. Molecular substructure rather than ion- 
fragment information is certainly more useful in the 
structure elucidation of unknowns. 

Another significant disadvantage of the daughter- 
spectrum matching approach is that using only 
daughter spectra does not take full advantage of the 
extra information that MS/MS affords. Daughter- 
spectrum matching routines use the patterns in only 
one of the several types of data available from 
MS/MS. Information characteristic of a given sub- 
structure is not limited to the daughter spectrum of 
its closely related ion structure; it can also be ob- 
tained from neutral losses and daughter ions in the 
daughter spectra of other ion structures which con- 
tain part or all of that substructure or for which ion 
formation is influenced by the presence of that sub- 
structure. 

Recently, we reported on the development of an 
algorithm for elucidation of the relationships between 
substructures and the characteristic features they 
produce in MS and MS/MS spectra.’ This program, 
referred to as MAPS (Method for Analyzing Patterns 
in Spectra), discovers these relationships by auto- 
mated intelligent analysis of a database of the MS 
and MS/MS spectra of known compounds. No as- 
sumptions about the fragmentation processes or ion 
rearrangements are made within MAPS; spectral 
features are empirically correlated with molecular 
substructures rather than with ion structures, and 
chemical heurism is then applied to remove false 
correlations. MAPS takes full advantage of the extra 
information that MS/MS affords, by extracting 
several types of features from MS and MS/MS 
spectra. 

MAPS is one component of an integrated system 
developed in this laboratory for structure elucidation 
from MS and MS/MS data.‘O This system, referred to 
as ACES (Automated Chemical structure Elucidation 
System), is shown schematically in Fig. 1. A TQMS 
instrument is currently used as the source of the MS 
and MS/MS data. The MAPS software operates in 
two modes. In the identification mode, MAPS uses 
substructural MS, and MS/MS data from known 
compounds to formulate rules for predicting the 
presence and absence of substructures. In the applica- 
tion mode, these rules may be applied to MS and 
MS/MS data from an unknown to identify the sub- 
structures likely to be present or absent. A vital part 
of this system is GENOA, a constrained structure 
generator originally developed as part of the 
DENDRAL project.” Given substructural con- 
straints and a molecular formula, GENOA generates 
all structures consistent with the constraints pro- 
vided. In ACES, molecular formula determination is 
performed by the MFG (Molecular Formula Gener- 
ator) program,12 and substructural constraints are 
provided by MAPS. Negative information (sub- 
structures known to be absent) can also be used by 
GENOA to constrain the structure generation. 

This paper reports several modifications to the 
MAPS program which have improved the quality 
and predictive abilities of the rules. In the previous 
version of MAPS, MS and MS/MS spectral- 
feature/substructure relationships were used to gener- 
ate rules for predicting the presence of substructures. 
The MAPS code has been modified to use these 
relationships to generate rules for predicting the 
absence of substructures as well. As will be shown 
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here, the criteria for selecting data which aid in 
predicting the presence of a substructure differ from 
those for choosing data useful in predicting its ab- 
sence. Therefore, an exclusion rule used to predict a 

substructure’s absence is not the simple complement 
of the inclusion rule used to predict its presence, but is 
a separate type of rule. Also, intensity data have been 
incorporated into the rule-generation process by the 
use of four intensity classes (strong, medium, weak 
and absent). In this paper, these recent modifications 
to the MAPS program are described and the effects, 
on rule performance, of the various parameters asso- 
ciated with rule generation and application are eval- 
uated and discussed. The results have been used to 
optimize the predictive abilities of both types of rule. 

The MAPS software is written in InterLISP-D, a version 
of the LISP programming language, and runs on a Xerox 
1108 AI workstation. The compounds, instrumentation, and 
methodologies used for acquisition and processing of the 
MS and MS/MS data, and the extent and construction of 
the training set used in this work, have been described in a 
previous paper.g The training set includes MS and MS/MS 
data for 76 compounds. These data comprise 2526 spectral 
features and 67 different recognized substructures. 

Rule generation with maps 

The ale-generation process, which is described in greater 
detail elsewhere,9 is briefly reviewed here. MAPS extracts 
several types of features from the normal mass spectra and 
the daughter spectra of known compounds, for use in rule 
generation. These include the m/z values seen in con- 
ventional and daughter spectra, neutral losses derived from 
daughter spectra, and Brent-t~aughter transitions. The 
availability of unequivocal neutral-loss data from daughter 
spectra is particularly valuable in rule generation. The list 
of derived spectral features along with a list of substructures 
contained in each known compound comprises the training 
set. Correlation and uniqueness factors, which are described 
in further detail below, are calculated for each spectral- 
feature/substructure combination and are used to determine 
whether or not that feature should be included in the rule 
for that substructure. Rules are further refined by using the 
elemental composition of each substructure to define “legal” 
fragment masses which are then used to remove features 
which cannot be attributed to that substructure. 

The features for use in the inclusion and exclusion rules 
are selected by applying two different sets of criteria ob- 
tained from the feature/substructure correlation process. 
The correspondence between a given feature f, and sub- 
structure ssj can be described by correlation and uniqueness 
factors defined as: 

Correlation factor cfi, ss,) 

number of occurrences off, when ssj is present 
= 

number of occurrences of ss, 
x 100% 

Uniqueness factor cf,, ss,) 

number of occurrences off, when ssj is present 
= 

number of occurrences of j, 
x 100% 

These factors are obtained from training-set statistics. Un- 
der similar instrumental conditions, certain spectral features 
appear whenever a specific substructure is present. The 
absence of such a feature suggests the absence of the 
corresponding substructure. Thus, common sense suggests 
that each exclusion rule should contain features which have 
high correlation factors with respect to that substructure. 

However, these same features may not be useful for predict- 
ing the presence of that su~t~ture if they have moderate 
to high correlation factors with other substructures as well, 
since this may lead to false positives. Thus, each inch&on 
rule should contain features which have high uniqueness 
factors with respect to that substructure. The MAPS code 
has been modified to exploit these criteria for the generation 
of both rule types. 

One of two filters may be applied to select features for rule 
generation; a correlation filter or a uniqueness filter. If the 
correlation filter is used, the user must specify the value of 
C, which represents the minimum correlation factor neces- 
sary for a feature to be included in a rule. Likewise, if the 
uniqueness filter is used, the user must specify the value of 
U, which represents the minimum uniqueness factor neces- 
sary for a feature to be included in a rule. A rule is simply 
a list of clauses obtained from the features having cor- 
relation or uniqueness factors which exceed the preset values 
of C or U for a given substructure. Table I shows inclusion 
rules for the ethyl substructure generated at three different 
values of C and U. Correlation or uniqueness factors for 
each clause in the rules are designated by the letters CF or 
UF, respectively. Fragment formulae are shown in the last 
column for each rule clause and include multiple neutral 
losses where appropriate. These formulae are automatically 
postulated by MAPS, on the basis of the valence rules and 
the elemental composition of each substructure. Rule length 
(number of clauses) increases as C or U decreases, because 
that generally increases the number of features that have the 
necessary degree of correlation or uniqueness. 

The rule-generation process results in a set of rules which 
characterize each substructure. Ideally, there would be an 
inclusion and exclusion rule for each substructure that is 
adequately represented in the training set. The content and 
performance of rules are seen to depend on the values of C 
and U used for rule generation. 

The previous version of MAPS did not use intensity data 
from normal spectra or daughter spectra. These intensities 
are known to depend on a large number of inst~ental 
parameters. In addition, we have observed that for MS/MS 
data, relative intensity is not as significant as the presence 
or absence of a particular feature, for identifying the 
presence and absence of substructures. A compromise be- 
tween ignoring intensity data and using the common 
intensity-aid matching is to use crude intensity classes. In 
MAPS, a given intensity 1, which has been normalized to the 
base peak (100%) is categorized into one of four defined 
intensity classes according to the ranges shown below. 

strong: I, > 10% 
medium: 1% <I, < 10% 
weak: IX< 1% 
absent: I, < detection level threshold 

When intensity data are used in the rule generation, the 
intensity of each feature is assigned to an intensity class and 
associated with that feature. Intensity data can be used or 
omitted in the rule-generation process; their effects on rule 
performance will be demonstrated below. 

Evaluation of unknowns by maps 

The rules generated by MAPS may be applied to un- 
knowns to obtain an “expert” valuation of the sub- 
structures present and absent. Normal MS spectra and the 
related daughter spectra of an unknown are entered into an 
“unknowns database”. MAP!3 extracts from these data the 
same types of features that were used for rule generation, 
namely lines present in conventional mass spectra and 
daughter spectra, neutral losses from daughter spectra, and 
parent-to-daughter transitions. The rules for each sub- 
structure are applied to the set of features derived from the 
unknown’s spectra to identify the substructures which are 



110 PETER T. PALMER et al. 

present in and absent from the unknown. GENOA may 
then be invoked to generate all possible structures consistent 
with a given molecular formula and the substructural 
constraints identified by MAPS. 

Rule performance is affected by the choice of the variable 
M which specifies the degree of match between the features 
in a rule and the set of features from an unknown that is 
necessary for a prediction to be made. In the absence of any 
special weighting of the clauses, the degree of match is 
simply the number of features in the unknown in common 
with the clauses in the rule, divided by the number of clauses 
in the rule. For exclusion, a substructure is predicted to be 
absent when the degree of match is less than or equal to the 
specified value of M. For inclusion, a substructure is 
predicted to be present if the degree of overlap is greater 
than or equal to the specified value of M. Spurious m/z 
values in the unknown’s spectra as a result of contaminants 
or artifacts may mislead conventional spectral-matching 
algorithms, but will affect MAPS much less since, in general, 
they will not correlate with particular substructures. 

The predictive abilities of the rules have been assessed by 
applying them to all 76 training set compounds. The results 
are tabulated into four categories: correct and incorrect 
predictions of the presence and absence of substructures. 
This process is shown in Fig. 2. A rule represents a 
composite of the features characteristic of a substructure. 
As the number and variety of training-set compounds 
containing a given substructure increases, its inclusion and 
exclusion rules should become more reliable. Individual 
training-set compounds containing a specified substructure 
may exhibit any number of the clauses in the corresponding 
rule and any combination of other substructures. Thus, a 
useful evaluation of the predictive abilities of the rules can 
be obtained by applying them to training-set data. 

Rule performance can be described by three quantities 
(recall, false positives and a reliability factor) as shown 
below. 

Recall = 
number of correct predictions 

total number possible 
x 100% 

False number of incorrect predictions 
positives = total number possible 

x 100% 

Re&i$ility = number of correct predictions 

total number of predictions 
x 100% 

These are calculated for rules generated at given values of 
C or U and applied to the spectra of training-set compounds 
at a given value of M. A false posifive resulting from the 
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application of either an inclusion or exclusion rule guarun- 
tees that the ser of candidate structures from GENOA will not 
contain the correct structure. Therefore, only predictions of 
the greatest certainty should be transmitted to GENOA for 
structure generation. Thus, in optimizing rule performance, 
the major objective is maintaining an adequate recall while 
minimizing false positives. 

RESULTS AND DISCUSSION 

The effects of a variety of factors were tested with 
respect to the content of the resulting rules and their 
effectiveness in application. These factors include 
feature intensities and the C, U and M variables. 
Several different weighting schemes which exploit the 
relative correlation and uniqueness factors of individ- 
ual rule clauses were developed in an attempt to 
improve rule performance. These weighting schemes, 
however, resulted in only a marginal improvement in 
rule performance at values of C and U < 100% and 
have no effect at all at C and Uvalues of 100%. Their 
use has been abandoned since optimal rule per- 
formance is achieved when C and U = lOO%, as 
demonstrated in this section. The effects of intensity 
data on rule content and the optimization of both 
rule types is now described. 

Effects of intensity data on rule content 

When a rule is generated with clauses that include 
intensity data, it may contain multiple clauses for the 
same feature, with different intensity classes. This 
only occurs for neutral losses and daughter ions, since 
these features may appear in several daughter spec- 
tra, with different intensities. For example, the ethyl 
rule with intensities generated at C = 50% (shown in 
Table 1) contains clauses with associated intensity 
classes of medium and strong for a daughter ion at 
m/z 29 and neutral losses of 26 and 28 amu. 

Correlation and uniqueness factors for features 
with intensity data are not the same as those. for 
equivalent features without intensity data, since the 
use of intensity data decreases both the number of 
occurrences off, and the number of occurrences of 

MATCH VARIABLE 

Fig. 2. Schematic of the rule-validation process. Inclusion and exclusion rules are correlated against each 
compound in the training set and the resulting predictions are categorized as correct or incorrect at various 

values of M. 
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Table 1. Inclusion rule for the ethyl substructure generated at three different C and LI values 

C=loo% 
C=75% 

c = 50% 

u = 100% 
iI = 75% 

u = 50% 

no features correlate 
IF [CF = 93%] strong intensity neutral loss of 28 amu 
THEN the ETHYL substructure is present 
IF [CF = 59%] medium intensity neutral loss of 2 amu 
AND (CF = 56%] strong intensity neutral loss of 15 amu 
AND [CF = 56%] medium intensity neutral loss of 16 amu 
AND [CF = 52%] medium intensity neutral loss of 26 amu 
AND [CF = 63%] strong intensity neutral loss of 26 amu 
AND [CF = 74%] medium intensity neutral loss of 28 amu 
AND [CF = 93%] strong intensity neutral loss of 28 amu 
AND [CF = 52%] medium intensity dau$fiter ion at m/z 29 
AND [CF = 55%] strong intensity daughter ion at m/z 29 
THEN the ETHYL substructure is present 
no features correlate 
IF [UF = 75%] weak intensity neutral loss of 27 amu 
THEN the ETHYL substructure is present 
IF [UF = SO%] weak intensity neutral loss of 2 amu 
AND [UF = 67%] medium intensity neutral loss of 4 amu 
AND [UF = 54%] strong intensity neutral loss of 16 amu 
AND [LJF = 53%] weak intensity neutral loss of 27 amu 
AND [UF = 55%] medium intensity neutral loss of 27 amu 
AND [UF = 75%] strong intensity neutral loss of 27 amu 
AND [UF = 53%] strong intensity neutral loss of 29 amu 
AND [UF = 62%] weak intensity daughter ion at m/r 15 
AND [UF= 57%] weak intensity daughter ion at m/z 28 
AND [UF = 54%] medium intensity daughter ion at m/z 29 
AND [UF = 54%] strong intensity daughter ion at m/z 29 
THEN the ETHYL substructu~ is present 

GH, 

W3 

H2 

H,+JA 

:2Yi3 

g3 

C;H: 
CH, 
VI, 
CzHs 
C&IS 

a given feature fi when substructure ssj is present. 
Thus, intensity data affect rule content. 

When intensity classes are associated with a fea- 
ture, the correlation factor of that feature without 
intensity data is divided among three equivalent 
features with intensity classes of strong, medium and 
weak. Thus, features incorporating intensity data 
have lower correlation factors. Because of this, rules 
containing intensities generated at a given C value 
usually have fewer clauses. This is demonstrate in 
Table 2, which shows exclusion rules for the ethoxy 
substructure generated at C = 100%. Note that two 
clauses in the rule without intensity data, namely 
parent ions at m/z values of 43 and 45, do not appear 
in the rule with intensities, since they do not possess 
the required correlation factors. 

Since the compounds which contain a given feature 
fi are divided among three equivalent features with 
intensity classes of strong, medium and weak when 
intensity classes are associated with that feature, the 
uniqueness factors for features with intensities may 
be greater than, less than, or equal to the uniqueness 
factor of the same feature without intensity data. 

Usually, at least one of the features with an associ- 
ated intensity class has a higher uniqueness factor. 
Thus, at a given value of U, inclusion rules with 
intensity data will have more clauses than those 
without intensity data. This is demonstrated in Table 
3, which shows inclusion rules for the benzyl sub- 
structure generated at U = 100%. Note that several 
clauses in the rule with intensity data (neutral losses 
of 75 and 78, line in primary scan at m/z 90, daughter 
of m/z 29 from m/z 69, and daughter of m/z 5 1 from 
m/z 91) do not appear in the rule without intensities, 
since the corresponding features do not possess the 
required uniqueness factors. 

Exclusion rule optimization 

Intensity info~ation is not usually considered for 
excluding substructures since it is the absence of 
certain characteristic features which indicates the 
absence of the corresponding substructure. In an 
attempt to verify this, exclusion-rule performance 
was evaluated with and without the use of intensities. 
In Fig. 3, recall is plotted as a function of the M value 
when all exclusion rules (generated at C = 100%) are 

Table 2. Exclusion rule for the ethoxy substructure generated at C = lOO%, 
(a) with and (b) without intensity data 

(a) IF NO strong intensity neutral loss of 28 amu CO, C,H, 
THEN the ETHOXY substructure is ABSENT 

@) IF NO neutral loss of 28 amu CO, C,H, 
OR NO parent ion at m/z 43 C,H,O 
OR NO parent ion at m/z 45 
THEN the ETHOXY substructure is ABSENT 

C,HSO 
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Table 3. Inclusion rule for the benzyl substructure generated at U = lOO%, (a) with and 
(b) without intensity data 

(0) IF medium intensity neutral loss of 60 amu 
OR strong intensity neutral loss of 60 amu 
OR medium intensity neutral loss of 75 amu 
OR weak intensity neutral loss of 78 amu 
OR medium intensity neutral loss of 92 amu 
OR strong intensity line in primary scan at 90 amu C,H, 
OR strong intensity daughter of m/z 29 from m/z 69 (40 amu) C,H, 
OR medium intensity daughter of m/z 51 from m/z 65 (14 amu) CzH2 
OR weak intensitv daughter of m/z 51 from m/z 91 (40 amu) C& 

@I 

OR strong intensity da;ghter of m/z 91 from m/z 93’(2 amuj 
THEN the BENZYL substructure is PRESENT 
IF neutral loss of 60 amu 
OR neutral loss of 62 amu 
OR neutral loss of 92 amu 
OR daughter of m/z 49 from m/r 77 (28 amu) 
OR daughter of m/z 51 from m/z 65 (14 amu) C2% 
OR daughter of m/z 91 from m/z 93 (2 amu) 
THEN the BENZYL substructure is PRESENT 

HZ 

applied to the training set with and without in- 
tensities. False positives and the reliability factor 
were not plotted as these were 0% and 100% re- 
spectively for ail values of M. At C = lOO%, exclu- 
sion rules for 25 substructures were generated with an 
average of 7 clauses per rule with intensity data, while 
exclusion rules for 41 substructures were generated 
with an average of 14 clauses per rule without 
intensity data. Thus, in order to increase the number 
of rules generated and the number of clauses per rule, 
intensity data should be neglected irz generating exclu- 
sion rules. Recall is substantially improved at large 
values of M without the use of intensity data, as 
shown in Fig. 3. 

In Fig. 4, recall, false positives, and the reliability 
factor are plotted as a function of M when exclusion 
rules (~thout intensities) generated at three different 
values of C are applied to the training set. This 
information is used to determine the optimal values 
of C and M for exclusion rules. The variable h4 
specifies the maximum degree of match necessary 
between an exclusion rule and an unknown, for an 
exclusion prediction to be made. As M increases, the 
number of rule clauses required to be absent from the 

100 

eo 1 

Fig. 3. Recall vs. A4 value for exclusion rules (generated at 
C = 100%) with (A) and without (B) use of intensity data. 

set of features from an unknown, for an exclusion 
prediction to be made, decreases, and thus the condi- 
tions necessary for an exclusion prediction to be 
made are relaxed and both recall and false positives 
increase. At M = O%, all exclusion rule clauses must 
be absent from an unknown’s features for a predic- 
tion to be made. This will result in very low recall, as 
some of the clauses in an exclusion rule may be 
present for an unknown if they are not unique to that 
substructure. A? M = loo%, ali of the exclusion rule 
clauses must be present in the unknown’s features for 
a prediction to be made. This value of M, however, 
is useless since it is the absence of features which is 
indicative of the absence of substructures. A value of 
M = 99.9% (used in Fig. 4) means that one or more 
exclusion rule clause(s) must be absent from an un- 
known for a prediction to be made. The use of this 
value of A4 for exclusion-rule application maximizes 
recall. 

Given a spectral feature which has a high level of 
correlation with a substructure, its absence from an 
unknown strongly suggests the absence of that sub- 
structure. If another spectral feature has a lower level 
of correlation with the same substructure it does not 
always appear whenever that substructure is present 
in a compound. Hence the absence of such a feature 
in an unknown is not indicative of the certain absence 
of that substructure, and its use in an exclusion rule 
may thus lead to a false positive (which in this case 
is an incorrect prediction of the absence of a sub- 
structure). As C decreases, more features are allowed 
into each exclusion rule, effectively loosening the 
conditions necessary for an exclusion prediction to be 
made. Thus, recall and false positives both increase 
with decreasing c as shown in Fig. 4. Only at 
C = 100% are false positives minimized. 

When the exclusion rules are generated at 
C = 100% and applied to the training set at 
M = 99.9%, recall is maximized, false positives are 
minimized, and the reliability factor is optimized, as 
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Fig. 4. Recall, false positives, and reliability factors VS. M value for exclusion rules generated at 
C = lOO%, 15% and 50%. 

shown in Fig. 4. Since these rules contain only those 
clauses with features that correlate perfectly with 
each substructure, the degree of match between a 
given rule and each compound in the training set that 
contains the substructure will always be 100%. Since 
only those cases with M < 100% will lead to an 
exclusion prediction, no false positives will occur 
when the exclusion rules are applied against the 
training set. When values of C = 100% and 
M = 99.9% are used, exclusion rules logically oper- 
ate in the following manner: 

IF NO (spectral feature a) 
OR NO (spectral feature b) 

. . * 

THEN the ‘i substructure is ABSENT 

False positives are possible when exclusion rules 
generated at C = 100% are applied to true un- 
knowns. For example, the exclusion rule for the 
phthalate ester substructure contains “line in daugh- 
ter scan at m/z 149” as a clause. However, diphenyl 
1,2benzenedicarboxylate (diphenyl phthalate) does 
not produce this feature, most likely because of steric 
hindrance in fragmentation of the molecule to form 
this daughter ion. When the phthalate ester exclusion 
rule is applied to this compound at M > 94% (given 
that this rule contains 15 clauses), a false positive 
results. This problem underlines the importance of 
accurately characterizing each substructure in the 
training set, i.e., ensuring that each substructure in 
the training set is represented in a sufficient variety of 
molecular environments. 
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Exclusion predictions were not possible with the 
previous version of MAPS. These predictions are 
often valuable in eliminating candidate structures for 
an unknown and are thus useful for molecular struc- 
ture elucidation. Exclusion rules for 25 substructures 
were obtained by using optimal criteria for exclusion- 
rule generation and application. These rules have 
overall recall = 67% and false positives = 0% when 
applied to the 76 training-set compounds. 

Inclusion rule optimization 

Adding intensity data to the inclusion rules in- 
creases their information content, results in features 
with higher uniqueness factors, and thus is expected 
to improve their predictive abilities. In Fig. 5, recall 
is plotted as a function of M when the inclusion rules 
(generated at U = 100%) are applied to the training 
set with and without intensities. False positives and 
the reliability factor are not plotted, as these were 0% 
and 100% respectively for all values of M. At 
U = lOO%, inclusion rules for 18 substructures were 
generated with an average of 6 clauses per rule 
without intensity data, and inclusion rules for 22 
substructures were generated with an average of 9 
clauses per rule with intensity data. Thus, in order to 
increase the number of rules generated and the number 
of clauses per rule, intensity data are helpful in gener - 
ating inclusion rules. Somewhat higher recall values 
are achieved with the use of intensity data, as shown 
in Fig. 5. The fact that a more substantial im- 
provement in rule performance is not seen when 
intensity data are used in inclusion-rule generation 
supports our original hypothesis that for structural 
interpretation the presence or absence of a feature is 
far more significant than its relative intensity. 

In Fig. 6, recall, false positives, and the reliability 
factor are plotted as a function of M when inclusion 
rules (with intensities) generated at three different 
values of U are applied to the training set. This 
information is used to determine the optimal values 
of U and A4 for inclusion rules. The value of M 
specifies the minimum degree of match necessary 
between an inclusion rule and an unknown for an 
inclusion prediction to be made. As M decreases, the 
number of rule clauses required to be present in an 
unknown’s features for an inclusion prediction to be 
made, decreases, and thus the conditions necessary 
for an inclusion prediction to be made are relaxed 
and both recall and false positives increase. At 
A4 = lOO%, all inclusion rule clauses must be present 
in an unknown’s feature list for a prediction to be 
made. This will result in low recall, as these features 
may not always be exhibited whenever that sub- 
structure is present in an unknown, since they are 
selected for their high uniqueness rather than for high 
correlation factors. A value of M = 0% is non- 
sensical, since this results in a prediction only when 
an unknown does not possess any inclusion rule’s 
features. At M = 0.1% (used in Fig. 6) at least one 
inclusion rule clause must be present in an unknown’s 

100 

r 

M Value 1%) 

Fig. 5. Recall vs. M value for inclusion rules (generated at 
U = 100%) with (A) and without (B) use of intensities. 

feature list for a prediction to be made. Thus, the use 
of a value of M = 0.1% for inclusion-rule application 
maximizes recall. 

If a spectral feature that is unique to a substructure 
is present in an unknown, the presence of that 
substructure is strongly indicated. A spectral feature 
which is not unique to that same substructure (and 
thus has some correlation with other substructures) 
cannot be used as conclusive evidence of the presence 
of that substructure in unknowns, since it may lead 
to incorrect predictions (false positives). As U de- 
creases, more features are allowed into each inclusion 
rule, effectively loosening the conditions necessary for 
an inclusion prediction to be made. Thus, recall and 
false positives both increase with decreasing U, as 
shown in Fig. 6. Only at U = 100% are false positives 
minimized. 

When the inclusion rules are generated at 
U = 100% and applied to the training set at 
M = O.l%, recall is maximized, false positives are 
minimized, and the reliability factor is optimized, as 
shown in Fig. 6. Since these rules contain only clauses 
that are unique to each substructure, the degree of 
match between a given rule and any training-set 
compound which does not contain the substructure 
will always be 0%. Since only those cases with 
M > 0% will lead to an inclusion prediction, no false 
positives will occur when the inclusion rules are 
applied against the training set. When values of 
U = 100% and M = 0.1% are used, inclusion rules 
logically operate in the following manner: 

IF (spectral feature a) 
OR (spectral feature b) 

. . . 

. . 
THEN the X substructure is PRESENT 

False positives can occur when inclusion rules 
generated at U = 100% are applied to true un- 
knowns. Features which had appeared unique to each 
substructure based on the training set may also be 
produced by the presence of other substructures in 
unknowns. For example, the inclusion rule for the 
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Fig. 6. Recall, false positives, and reliability factor VS. M value for inclusion rules generated at ff = MO%, 
75% and 50%. 

bromo substructure contains a clause which repre- 
sents a medium intensity neutral loss of 82 amu, 
attributed to a loss of H*‘Br. However, 1,3&nzene- 
dicarboxyhc acid di-ally1 ester also produces this 
feature, which can then most likely be attributed to 
a loss of C4H202. When the bromo inclusion rule is 
applied to this compound at M < 33% (given that 
there are three clauses in this rule), a false positive 
results. This problem again underlines the im- 
portance of accurately characterizing each sub- 
structure in the training set. 

Inclusion rules for 22 substructures were obtained 
by using optimal criteria for inclusion-rule generation 
and application. These rules have an overall 

recall = 69% and false positives = 0% when applied 
to the 76 training-set compounds. With the previous 
version of MAPS, reliable inclusion rules for only 13 
substructures were obtained, with an overall recall of 
only 12% and false positives = 0.2% when applied to 
the training set. The use of intensity data and optimal 
values of U and A4 has greatly improved the pmdic- 
tive abilities of the inclusion rules. In the previous 
version of MAPS, low-performance rules were 
identified by monitoring their predictive abilities 
when applied to the training set. This poor per- 
formance resulted from a lack of unique features in 
the inclusion rules for certain substructures. Since 
inclusion rules are now generated by using a unique- 
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ness filter rather than a correlation filter, no rules are 
obtained for those substructures with rules which 
were formerly unreliable. 

CONCLUSIONS 

The approach described here for identifying the 
presence and absence of substructures has identified 
the criteria for optimal inclusion- and exclusion-rule 
performance. Exclusion-rule predictions are now pos- 
sible and are characterized by 67% recall and 0% 
faise positives when applied to the training set. 
Performance figures for inclusion rules have been 
significantly improved and yield 69% recall and 0% 
false positives when applied to the training set. This 
new approach, however, now presents some new 
performance trade-offs. Recall can be improved by 
using lower values of C or U in the rule generation, 
but this produces a concomitant increase in false 
positives. In addition, use of the optimal values of M 
for inclusion and exclusion rules may sometimes lead 
to predictions based on the presence or absence of 
only one feature; this may lead to false positives when 
the rules are applied to unknowns. False positives can 
be reduced by using higher (for inclusion rules) or 
lower (for exclusion rules) values of M, but this 
results in a corresponding decrease in recall. Further 
work on the expansion of the training set will reveal 
the full extent of the new trade-off factors. 
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Summary-A new technique involving the addition of a compound to the analyte to serve as a source 
of “reagent” ions has been developed for negative-ion laser mass spectrometry. This “solid state chemical 
ionization” leads to ions characteristic of the analyte, owing to ion-molecule reactions between the 
“reagent” ion and the neutral analyte in the laser-generated plume. Polycyclic aromatic hydrocarbons 
show formation of an ion corresponding to (M + 0 - H)- in their negative-ion laser mass spectra when 
mixed with compounds such as sym-trinitrobenzene, sodium nitrate and sodium peroxide. NO,, O-, and 
0; serve as “reagent” ions in these compounds. Formation of (M + Cl)- is seen in the laser mass spectra 
of glycosides mixed with hexachlorobenzene. Chloride serves as the “reagent” ion in this case. 

Recent developments in the ionization of involatile 
and thermally labile compounds directly from the 
solid state has made it possible to characterize these 
compounds by mass spectrometry. These “soft ioniz- 
ation” techniques include field desorption,l laser ion- 
ization,24 plasma desorption,’ fast atom bombard- 
ment (FABr,’ and secondary-ion mass spectrometry 
(SIMS).’ It has been demonstrated’-” that the mass 
spectra obtained by using these ionization processes 
are comparable, and a common mechanism for ion 
formation has been proposed.‘2-‘5 

The mass spectra obtained by using solid state 
ionization methods are characterized by ions due to 
proton attachment (M + H)+ and cation attachment 
(M + metal)+ which aid in the determination of 
molecular mass number weight.*6.17 These desorption 
ionization techniques are ideally suited for the 
analysis of preformed ionic compounds; precharged 
species only need be desorbed from the surface. The 
fast atom bombardment technique requires that the 
compound analyzed be “surface active”.” 

In order to enhance the sensitivity of detection of 
various compounds by means of desorption pro- 
cesses, techniques have been developed to take ad- 
vantage of the observations made about these ioniz- 
ation processes. The sample support, for example, 
has been treated with acid to provide protons for 
(M + H)+ formation.” Addition of proton sources 
and alkali-metal halides has become a common 
method of sample preparation for enhanced for- 
mation of (M + H)+ and (M + metal)* ions in 
positive-ion spectra,2G25 and bases are added for the 
formation of (M - H)- in the negative-ion spectra.*“ 

Neutral samples have been derivatized in siru to 
form precharged species to increase specificity.2~30 
The derivative prepared is chosen to have a greater 
surface activity for FAB analysis.3i Dilution of anal- 

yte with ammonium chloride has been shown to be 
effective in enhancing the signals due to intact analyte 
and decreasing the fragmentation in SIMS.32 Matrix 
compounds having strong resonant absorption at the 
wavelength of the laser (266 nm) used for ionization 
enhance the ionization yield of the substrate, by 
energy transfer.33 

All these variations in sample preparation for 
application of desorption processes have been devel- 
oped to modify the analyte either chemically or 
physically to facilitate the ensuing characterization by 
soft ionization processes. These modifications en- 
hance the sensitivity and selectivity of these methods. 

The present study involves the use of matrix com- 
pounds that serve as a source of “reagent ions” for 
subsequent reaction with neutral substrates as a part 
of the analytical process in negative-ion laser mass 
spectrometry. Understanding the ion-molecule reac- 
tions which occur during the analysis of mixtures 
should aid in the application of laser microprobe 
techniques to complicated tissue-like matrices. The 
study is further aimed at developing selective “re- 
agent ions” for the identification of different classes 
of compounds. The work is an outgrowth from an 
ion-molecule reaction observed”3s in the negative- 
ion laser mass spectra of aromatic nitro compounds, 
leading to (M + 0 - H)- ion formation. When poly- 
cyclic aromatic hydrocarbons (PAHs) are mixed 
with nitro compounds, an ion corresponding to 
(M + 0 - H)- is produced from the PAHs on laser 
irradiation; otherwise only carbon cluster ions appear 
in the negative-ion laser mass spectra. 

EXPERIMENTAL 

Al1 laser mass spectra (LMS) were obtained with a 
commercially available laser microprobe mass analyzer, the 
LAMMA-500, which has been described in detail else- 
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where.16 The output of a frequency-quadrupled and Q- 
switched Nd-YAG laser (265 nm, 15 nsec pulse width) was 
focused onto the sample by a 32x microscope objective. 
The spot diameter of the laser beam was approximately 
3 pm. The power density of the laser was lo’-lO’ W/cm*. 
Ions produced by laser irradiation were extracted at 180” to 
the incident beam (transmission mode) and were accelerated 
(3 kV) into the drift tube of a time-of-flight mass spec- 
trometer. After amplification by a 17-stage Cu-Be second- 
ary electron multiplier, the signals were converted from 
analog to digital (Biomation 8100 ADC) with a minimum 
sample interval of 10 nsec. The digital signals were stored in 
a fast multichannel analyzer having 2048 channels. Data 
were ultimately processed in an HP 1OOOE series computer. 

All polycyciic aromatic hydrocarbons and other chem- 
icals were nurchased from Chem. Service, West Chester, PA, 
and used’without further purification. The samples that 
involved mixing 1,3,Strinitrobenzene with PAHs, and gly- 
cosides with hexachlorobenzene, were prepared by making 
I % w/w solution of both substances in toluene and evapo- 
rating a few drops of the mixed solution on a Formvar- 
filmed copper grid. The samples involving inorganic salts 
(sodium nitrate or peroxide) were prepared by evaporating 
a I O/o solution of the salts in 1: I v/v methanol-water on top 
of the PAH, which had already been deposited on the 
Formvar-coated copper grid from toluene solution. 

The Formvar-coated copper grids used in these experi- 
ments were sufficiently thin to give no significant con- 
tribution to the spectra; only weak peaks in the region below 
m/z 100 were seen. 

RESULTS AND DISCUSSION 

Negative-ion laser mass spectra (LMS) of nitro 
aromatic compounds showed formation of ions at 
m/z corresponding to (M + 0 - H)- (M = molecular 
mass number weight of the compound). Double 
resonance experiments and kinetic studies using Fou- 
rier transform mass spectrometry have established35 

that these ions are formed by an ion-molecule reac- 
tion between NO; ions and the neutral nitro aro- 
matic compound in the laser plasma. Such 
ion-molecule reactions could easily occur in the 
high-pressure region adjacent to the site of impact of 
the laser beam.2 This region is best thought of as a 
rapidly expanding gas, going from near liquid to near 
vacuum in a few pm. The ion-molecule reaction 
involving NO; ions can be depicted as shown below, 
with initial formation of an intermediate, which then 
loses HNO, leading to (M + 0 - H)), i.e., the phen- 
ate derived from the substrate. 

ArH + NO; --t + ArO- + HNO (1) 

Figure 1 shows the negative-ion LMS of 
1,3,5trinitrobenzene as an example. The peak at m/z 
228 corresponds to (M + 0 -H)-. Other ions ob- 
served include (M -NO)-, C,N- (98) C,N- (74), 
C,N- (50) NO; (46), CNO- (42) and CN- (26). 

Such an ion-molecule reaction has been observed 
for various nitro aromatic compounds.3s Such reac- 
tions open up the possibility of a new kind of 
chemical ionization for solid state mass spectrometry. 
Chemical ionization in the gas phase involves initial 
formation of reagent ions which subsequently react 
with the substrate, leading to characteristic analyte 
ions, often providing the molecular weight of the 
compound. In solid state mass spectrometry, an 
analyte can be mixed with an appropriate compound 
which will serve as a source of “reagent ions”, and the 

IOC 
Negative ion LMS 

NO2 

NO2 

MW: 213 

[M-NO]- 

183 

m/z 

Fig. 1. Negative-ion laser mass spectrometry of 1,3,S-trinitrobenzene. 
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Table 1. Poiycyciic aromatic hydrocarbons studied 

anthracene benzo(e jpyrene 
phenanthrene 9-phenylanthracene 
3-methylanthracene triphenylene 
pyrene ~,~-binapht~y~ 
t,3-benzofluorene 3-methylcho~anthrene 
benz(u)anthracene t , 1 Zbenzoperylene 
chrysene 1,2,3.4-dibenranthracene 
na~h~haeene I ,2,5,6_di~nzanthracene 
tri~hen~lene coronene 
benzo(u)pyrene decacyclene 

mass spectrum of such a mixture can be obtained. 
Such studies could be quite useful if the reagent ion 
induces characteristic peaks from ion-molecule reac- 
tions for compounds that do not otherwise give 
informative spectra. The technique is distinctly 
different from other processes, such as cationization, 
in that a fragment ion from the added “reagent” 
interacts with the substrate. The usefulness of “solid 
state chemical ionization” involving NO; ions and 
PAHs in characterizing the latter compounds by 
negative-ion laser mass spectrometry is the focus of 
the present study. 

PAHs show peaks for Mf’ in their positive-ion 
laser mass spectra? However, their molecular anions 
can be seen only in negative-ion spectra taken by 
using the LAMMA- (reflection mode), while 
spectra taken with the LAMMA- (transmission 
mode) do not yield any ion characteristic of the 
PAHs; instead they show ions corresponding to 
carbon clusters C,; and C,,H~.37*38 The intensities of 
these clusters decrease with increasing mass, in a 
pattern comparable to that observed for graphite.39 
The negative-ion LMS of twenty PAHs given in 
Table I were by obtained using the LAMMA-500, 
and all show only carbon cluster ions and give no 
structural information. 

In an attempt to produce diagnostic ions, the 
negative-ion LMS of PAHs were obtained from 
PAH mixtures with an equal amount of 
1,3,~-tr~n~tro~n~ne (TNB), the latter serving as a 
source of NO; ions. The negative-ion LMS of deca- 
cyclene mixed with TNB is shown in Fig. 2a. The 
peak at m/z 465 corresponds to (M f 0 - H)). The 
base peak at m/z 183 corresponds to (M -NO)- 
from TNB. The peaks at m/z 213 and 228 are for M-’ 
and (M +O- H)- of TNB. Except for m/z 46 
(NO; ) and m/z 26 (CN-), all other ions observed in 
the lower mass range (m/z < 160) are carbon cluster 
ions. 

Figures 2b and 2c show the negative-ion LMS of 
I, 12-benzoperylene and 1,2,5,6_dibenzanthracene 
mixed with TNB, showing (M + 0 - H)- at m/z 291 
and 293, respectively. Formation of (M + 0 - H)- 
was observed for all PAHs studied. The intensity of 
the fM + 0 - H)- peak varied from shot to shot for 
the same compound. This variation is attributed 
partly to differences in the concentrations of TNB 
and PAH in the microscopically small region ana- 

iyzed by the laser (3 pm diameter) and to differences 
inherent in the technique.qO The intensity of the 
(M -t 0 - H)- peak for various PAHs varied from 5 
to 25% of that of the base peak. It is interesting that 
the ~~tensity of the (M + 0 - H)- peak for PAHs is 
either comparable to or higher than that for the 
corresponding TNB peak in the spectra of mixtures. 
Even though the nucleophilic reaction is favored for 
TNB, the greater number of reactive sites in PAHs 
could expIain the observed intensities. 

Other sources of NO; reagent ions for solid state 
chemical ionization have been considered in attempts 
to enhance the signal due to ion-molecule reactions. 
The LMS of sodium nitrate show the peak due to 
NO; as the base peak. Further, the laser mass 
spectrum of sodium nitrate is fairly simple (Fig. 3), 
thus not leading to interfe~n~ ions in the spectra of 
mixtures. Other ions present, in addition to NO;, 
include O-, O;, NO,, NaNO;, (NaNOj + 0) (m/z 
lOl), Na(N0,); at m/z 11.5, and INa(NO,)(NOj)]- 
at m/z 131. 

Sodium nitrate was used as a source of NO; for 
the analysis of PAHs. Figure 4a shows the negative 
ion LMS of benzo(a)pyrene mixed with sodium 
nitrate; the peak at m/z 267 corresponds to 
(M -I- 0 - H)) and is the base peak in the spectrum. 
Other ions seen include NafNO,); (m/z 1 IS), C; and 
C6H-. Figures 4b and 4c show the negative ion 
spectra of 1,2,3,4_dibenzanthracene and 1,12-benzo- 
perylene mixed with sodium nitrate as additional 
examples. The intensity of the (M + 0 - H)- peak 
varied between I.5 and 100% of that of the base peak 
for the PAHs studied; variations from shot to shot 
for the same com~und were seen, for the reasons 
already discussed. The relative intensity of the 
(M + 0 - H)- peak is higher when sodium nitrate is 
used as “‘reagent” then when TNB is used, for all 
PAHs studied. The difference is ascribed to the fact 
that sodium nitrate provides more NO, reagent ions. 
Further, laser irradiation of sodium nitrate also leads 
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Fig, 3. Negative-ion laser mass spectrum of NaNOx. 
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Fig. 5. Negative-ion LMS of (a) Na,O,, (b) pyrene mixed 
with Na,O,. 

to O- and 0; ions, which could enhance the for- 
mation of (M + 0 -H)- by reactions (2) and (3), 
shown below. Ion-molecule reactions involving these 
nucleophiles are known in the gas phase.4’.42 0 - 

ArH + O-‘+ I. 1 / 
Ar + ArO- + H’ (2) 

L J 

-+ ArO- + HO’ (3) 

Formation of (M + 0 -H)- by the reaction of 
ions other than NO;, possibly by reactions (2) and 
(3), was suggested by the following observation. The 
negative-ion laser mass spectrum of sodium peroxide 
shows peaks due to O- and 0; but not NO,, as seen 
in Fig. 5a. The negative-ion laser mass spectrum of 
pyrene mixed with sodium peroxide (Fig. Sb) shows 

an ion due to (M + 0 - H)-. This ion is most likely 
formed by the reaction of O- and/or 0,. Thus, in the 
case of sodium nitrate, three possible reactions could 
contribute to the formation of (M + 0 -H)- since 
the negative-ion laser mass spectrum shows all three 
ions. Thus, sodium nitrate is the reagent of choice for 
the analysis of PAHs by phenate formation in their 
negative-ion LMS. 

Chloride ions (Cl-) generated by laser irradiation 
of hexachlorobenzene have served as reagent ions in 
the characterization of glycosides by negative-ion 
laser mass spectrometry. The negative-ion laser mass 
spectrum of phenyl-/?-glucopyranoside mixed with 
hexachlorobenzene is shown in Fig. 6a. An ion at m/z 

291 corresponding to (M + Cl)- is observed. The ion 
at m/z 93 corresponds to the phenate ion. Except for 
the Cl- ion, all other ions observed in the lower mass 
range are due to carbon cluster ions (CL). The 
negative-ion laser mass-spectrum of helicin mixed 
with hexachlorobenzene also shows an ion at m/z 319 

(a) 
4oc 

(b) 
400 7 

zoo- 

6 Phenyl-P-alucopyronoside 

Cti 
MW: 256 

120 

(Mtclr 
l32144 291 

166 
156 

A I I 
I 

0 
I I 

150 
I 

200 250 300 

Negotive ion LMS 

Helicin 

I 93 I (Mtclr 

:ll;il 
250 300 

m/z 

Fig. 6. Negative-ion LMS of (a) phenyl-/I-glucopyranoside, 
(b) helicin, mixed with hexachlorobenzene. 
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Fig. 7. Negative-ion laser mass spectrum of a mixture of ~nz(u)anthra~ne, ~nz(u)py~ne, and 
1,2,3,4_di~nz~thracene, mixed with NaNO,. 

due to the attachment of a Cl- ion, as shown in 
Fig. 6b. These results demonstrate that anionization 
by chloride attachment can be used for the character- 
ization of glycosides. 
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Summary-A new system for reflection-absorption Fourier transform infrared spectroscopy is described. 
It is based on an optical subtraction of the two output beams of a cube-corner interferometer, which are 
recombined, orthogonally polarized and passed onto a single detector, where only the difference signal 
of the two components is detected. The dynamic range of the signal is thereby reduced by at least an order 
of magnitude. Owing to the cube-comer reflectors the dual-beam optics are relatively simple and readily 
convertible for operation in the conventional single-beam mode. First results with an incompletely 
optimized system show high photometric accuracy and equal signal-to-noise ratio compared to the 
single-beam operation. Methods for further improving its performance are proposed. 

Relation-abso~tion infrared spectroscopy 
(RAIRS) is a technique widely used for the study of 
a variety of samples (e.g., Langmuir-Blodgett films, 
polymers, lubricants, gaseous reactants on catalyst 
surfaces) on reflecting substrates. In recent years 
RAIRS has also become increasingly popular as a 
surface-science technique incorporated in an ultra- 
high vacuum (UHV) system, owing to its potential 
for studying catalytic processes under real reaction 
conditions (high pressure). Most of these studies have 
investigated the adsorption of CO on various metals, 
and detection limits below 1% of a monolayer have 
been reported.14 In catalytically more relevant sys- 
tems, that involve hydrocarbon fragments, however, 
the identification of weakly absorbing reaction inter- 
mediates by IR spectroscopy still demands a 
significant improvement in sensitivity. 

With the conventional single-beam technique, in 
which a spectrum of the adsorbate-covered sub- 
strate is ratioed against a spectrum of the clean 
substrate, the signal-to-noise ratio can be optimi~d 
by (a) choosing an incident angle for the incoming 
light that is close to grazing (the optimum angle can 
be calculated from the optical constants of the sub- 
strate and is 88” for most metals5) and (b) minimizing 
the throughput loss by matching the beam image at 
the sample position to the sample size. The two 
conditions cannot both be completely fulfilled at the 
same time, since a uniform incident angle would 
require a perfectly collimated beam, while a spot size 
equal to the typical size of a single crystal (x 1 cm*) re- 
quires a highly focused beam with a concomitant wide 
range of incident angles. A compromise has therefore 
to be found in choosing reflection optics with rela- 
tively high f-numbers. Reported noise levels of about 
0.1% in a single-scan reflection-abso~tion spectrum 
at 2 cm-’ resolution with a sample of about 1 cm2 
surface area6 have shown that even with throughputs 

of only a few per cent, digiti~tion noise ultimately 
limits the signal-to-noise ratio of this technique. 

Several ways of circumventing the limitations im- 
posed by the currently available analog-to-digital 
(A/D) converters have been proposed, most of which 
are aimed at suppressing the center-burst of the 
nonabsorbed light and detecting only a signal equal 
to the small fraction of light absorbed by the sample. 
One approach classified as optical subtraction or 
dual-beam spectrometry is based on the detection of 
a difference signal from the two output beams of an 
interferometer which are 180” out of phase. The two 
beams may be passed onto a single detector, where an 
optical null occurs, or they may be individually 
detected at two detectors and electronically summed 
prior to digitization. The first dual-beam FT-IR 
systems were primarily designed for FT-IR measure- 
ments of gas-chromatographically separated materi- 
als’-” to date only one system has been described for 
re&ction-absorption spectrometry.‘* The require- 
ment of having two optically identical beams has 
resulted in rather complex designs dedicated to one 
specific application. The optical alignment of all 
dual-beam FT-IR systems described so far is quite 
difficult. 

An alternative method of reducing the dynamic 
range of the signal is polarization-modulation FT-IR 
spectroscopy, which was first applied to surface anal- 
ysis in combination with reflection-absorption spec- 
troscopy by Dowrey and Marcott.” It is based on the 
phase-sensitive detection of the difference signal of s- 
and p-polarized light modulated by a photoelastic 
modulator (PEM) at high frequencies (~70 kHz). 
This technique has been shown to eliminate noise due 
to background gas adsorptions, but the overall gain 
in sisal-to-noise ratio over the conventional single- 
beam technique was lower than initially expected, 
owing to considerable throughput losses at the PEM- 
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crystal and the increase in noise as a result of 
imperfect polarization (as a PEM can be tuned to a 
half-wave retardation for only one particular wave- 
length). 

Another method of polarization-modulation, 
based on a polarizing Michelson interferometer, first 
developed by Martin and Puplett for the far-infrared 
region,14 has been applied recently by use of a 
modified mid-IR FT spectrometer.‘s A polarizing 
beam-splitter separates the incoming light into two 
orthogonally polarized components of equal in- 
tensity, which after recombination form a beam 
modulated in its polarization state rather than the 
intensity, by scanning the interferometer mirror. This 
instrument can be adapted for several spectroscopic 
techniques where polarized radiation is needed (e.g., 
ellipsometry, refl~tion-absorption spectroscopy, vi- 
brational circular dichroism). The conversion into an 
intensity-modulated output beam, however, requires 
a special polarizing beam-splitter and two additional 
linear polarizers. The low throughput of this system 
makes it uncompetitive with a standard FR-IR spec- 
trometer for conventional spectroscopic techniques. 

The system described in this paper is a dual-beam 
system, in which the two modulated output beams of 
a commercial cube-corner interferometer are re- 
combined and orthogonally polarized by a beam- 
combining polarizer. The recombined beam is fo- 

cused on the sample surface and refocused onto a 
single detector. Because of the 180” phase shift be- 
tween the two original components, only the 
difference signal is measured. 

EXPERIMENTAL 

Optics 
The optical layout of the dual-beam reflection-absorption 

system is shown in Fig. 1. It required only minor 
modifications to a commercia1 FT-IR spectrometer (Matt- 
son Sirius 100). The interferometer of this particular instru- 
ment is equipped with cube-corner retro-reflectors, which 
allow both modulated output beams of the interferometer to 
be used, whereas in the conventional mode of operation of 
an FT-IR spectrometer the reflected beam usually returns to 
the source and is not detected. In our system this beam is 
reflected by a plane pick-up mirror and passes through a 
wire grid polarizer, which is at 45” to the beam. Ideally this 
polarizer splits the beam into two equal halves, one of which 
is transmitted and p-polarized owing to the vertical orien- 
tation of the wires, while the other is reflected through 90” 
and s-polarized. The notation p- and s-polarized refers to 
the plane of incidence at the sample surface. The polarizer 
transmits radiation from the reflected beam of the inter- 
ferometer and reflects radiation from the transmitted beam 
in the direction of the detector. The recombined beams are 
passed to a 60” off-axis para~Ioid~ mirror with an effective 
focal length of 25 cm, which focuses the light at an incident 
angle of 80 & 3” onto the metal substrate inside a vacuum 
chamber. After reflection from the substrate, the beam is 
recollimated by a second paraboloidal mirror and finally 
focused onto a narrow-band mercury cadmium telluride 
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Fig. I. Optical diagram of a differential polarization dual-beam FT-IR 
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(MCT) detector (4 mm* active area). It may be noted that 
the other half of the radiation from the interferometer 
incident on the polarizer is not passed to the sampling optics 
and is therefore not detected. 

The two output beams in this dual-beam system are of 
about equal intensity, orthogonally polarized, and 180” out 
of phase. Their interferograms are therefore optically sub- 
tracted upon recombination at the polarizer. With a clean 
metal substrate at the sample position only a small residual 
interferogram (dual-beam background interferogram) is de- 
tected (Fig. 2), which after amplification and Fourier trans- 
formation gives a background spectrum of the residual 
uncancelled light. When a gas sample is chemisorbed on the 
metal surface, only p-polarized light is absorbed, while the 
s-polarized component has a node at the surface and is not 
absorbed by this sample.’ The detected signal (dual-beam 
sample interferogram) increases owing to this imbalance 
and is proportional to the amount of light absorbed by the 
sample. Amplification and Fourier transformation give the 
sample spectrum with the absorption bands due to the 
adsorbate superimposed on the dual-beam background. 
Because of the orientation of the wires of the beam- 
combining polarizer, the absorption bands are seen as 
upward-going peaks. The final step is a digital subtraction 
of the background from the sample spectrum, resulting in 
the dual-beam spectrum of the adsorbate. 

If ~~~~(v) describes the ~fl~tion-abso~tion spectrum 
of the sample measured by the single-beam technique with 
p-polarized light, the dual-beam spectrum is given by 
B(v)[l - J$/Ri(v], where B(v) is the single-beam back- 
ground spectrum. Because of the way the signal is processed, 
the dual-beam spectrum is therefore the absorptance spec- 
trum of the sample multiplied by the relative spectral energy 
of the single-beam background spectrum. The ratio of the 
peak-to-peak ~plitud~ in the center-burst region of the 
single-beam and the dual-beam interferogram is usually 
called the nutZing ratio. The dual-beam interferograms can 
be amplified by this factor to fill the A/D converter. The 

C 

Fig. 2. Single-beam interferograms of the s-polarized beam 
(A), the p-polarized beam (B) and the resulting “optical 

null” interferogram (C). 

nulling ratio is therefore the theoretical improvement in 
signal-to-noise ratio of the dual-beam technique over a 
single-beam measurement that is limited by digitization 
noise. Nullina ratios between 10 and 20 have been achieved 
with this system. 

Sump&g rech~ique 
Since this technique was primarily developed for studies 

of adsorption processes on metal single crystals, we have 
built a small high-vacuum cell (Fig. 3), which is pumped by 
a turbomolecular pump (Balzers TPH 050) to a base 
pressure of about 10-s torr. The cell consists of an alumi- 
nium cell body with two O-ring sealed sodium chloride 
windows and a top plate, where the sample and all devices 
for heating and cooling and the gas lines are mounted. The 
sample, a nickel(lO0) crystal, is mounted on two tantalum 
wires, spot-welded to the back of the crystal. The ends of the 
wires are connected to electrical feedthroughs. In this way 
the sample can be heated resistively to about looo” in less 
than 1 min. It can also be cooled to about 100 K by a copper 
braid, mounted at the back of the crystal and connected at 
the other end to a hollow copper cylinder which acts as a 
reservoir for liquid nitrogen and can be filled from outside. 
The temperature of the sample is measured by a chromel- 
alumel thermocouple spot-welded to the edge of the crystal. 
The pressure inside the cell is monitored by an ionization 
gauge (Inficon CC-3), located between the cell and the 
turbomolecular pump. The admission of gases from a gas 
manifold to the cell is controlled by a leak valve connected 
to one of the gas lines. The second gas line, intended for 
continuous flow measurements, is plugged. n-Butanol was 
used in these first experiments, and was simply condensed 
onto the cold surface to give different coverages. We did not 
try to clean the crystal prior to adsorption, which explains 
the absence of chemical adsorption effects in the spectra 
shown here. The butanol coverage on the crystal surface was 
estimated from the exposures used by assuming that an 
exposure to 10e6 torr for 1 set (1 Langmuir) results in a 
monolayer coverage. 

RESULTS AND DISCUSSION 

Spectra of butanol at coverages of 5, 1 and 0.1 
monolayers, measured by either the dual-beam or the 
conventional single-beam technique with p-polarized 
light are compared in Figs. 4-6. As discussed earlier, 
the dual-beam spectra contain the relative spectral 
energy at any particular wavenumber, and the rela- 
tive intensities of the bands are therefore not directly 
comparable to the single-beam absorbance spectra. 
The agreement in peak positions and peak shapes is 
very good, however, and we did not find any evidence 
of phase errors in the dual-beam spectra. The signal- 
to-noise ratio in the single-beam and dual-beam 
spectra is about the same. As mentioned earlier, an 
improvement with the dual-beam technique can only 
be expected if the single-beam measurement is limited 
by digitization noise. We are currently trying 
to improve our system by using a smaller detector 
(1 mm2) with higher specific detectivity D* to reduce 
the noise-equivalent power by reducing the noise in 
the spectrometer electronics and by modifying the 
source optics in such a way that the full light-beam 
from the source can pass the pick-up mirror (which 
currently blocks half of the light) and enter the 
interferometer. 

Three successive dual-beam spectra of 5 mono- 
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Fig. 3. High-vacuum cell for reflection-absorption FT-IR spectroscopy of adsorbates on single crystals. 
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Fig. 4. Dual-beam spectra (DB) and absorbance spectra (AB) of n-butanol(5 monolayers) on nickel(lO0) 
at 150K. 
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layers of butanol subtracted from the same back- These instabilities produce spectral artifacts at 
ground spectrum (Fig. 7) show that the baselines in around 1400 cm-’ because of poor cancellation of a 
the mid-wavenumber region (2500-1200 cm-‘), strong band due to the beam-splitter, which obscures 
where the spectral energy is highest, are quite sensi- the CH-bending modes of the sample and causes the 
tive to small ~uctuations of the spectrometer stability. appearance of interference fringes (also appearing to 

Dual-beam spectra (DB) and absorbance spectra (AB) of n-butanol (1 monolayer) on nickel(100) 
at 150K. 
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Fig. 6. Dual-beam spectra (DB) and absorbance spectra (AB) of n-butanol (0. I monolayer) on nickei(100) 
at 150K. 
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Fig. 7. Three successive dual-beam spectra of 5 monolayers of n-butanol (100 scans each, mirror velocity 
1.266 cm/xc, resolution 4 cm- I). 

originate from the beam-splitter). A different beam- ization efficiency of the beam-combining polarizer 
splitter might improve the flatness of the baselines. for both transmitted (p-polarized) and reflected 
These effects are less severe in the single-beam spectra (s-polarized) light, (&he latter showing practically no 
(Fig. 8) where the ratio of the sample and back- absorptions), is also demonstrated in Fig. 8. 
ground spectra is used instead of their difference. 
However, a slight discontinuity from the beam- CONCLUSIONS 

splitter hand at 1400 cm-’ can also be seen in the A dual-beam technique for reflection-absorption 
spectrum of the s-polarized light. The high polar- FT-IR spectroscopy has been developed, based on 
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Fig. 8. Single-beam absorbance spectra of n-butanol (5 monolayers) on nickel(W) measured with 
p-polarized light (A) and s-polarized light (B). 
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center-burst suppression by optical subtraction of the 
transmitted and reflected output beams of a cube- 
corner interferometer. The dual-beam optics in this 
system are relatively simple and can readily be con- 
verted for standard single-beam operation. The first 
results obtained with this new technique are essen- 
tially identical to those obtained with conventional 
single-beam arrangements. Further noise reduction 
and improvements in spectrometer stability should 
enable the full potential of this technique to be 
realized. We expect at least a factor of 10 im- 
provement in signal-to-noise ratio relative to the 
single-beam method at the A/D conversion limit. We 
are also currently constructing an infrared cell con- 
nected to a UHV-chamber, where the sample can be 
cleaned and characterized by standard surface- 
science techniques and moved to the IR cell without 
breaking the vacuum, so that spectra can be mea- 
sured at any pressure between UHV and ambient. 
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Summary-The continued development of the echelle-spectrometer/image-dissector system for multi- 
element determination by continuum-source atomic-absorption spectrometry is presented. Modifications 
of the instrument include the use of a 20-groove/mm echelle grating blazed at 76”, and the removal of 
the magnetic shield from the image dissector. The spectral range is from 300 to 430 nm and the observed 
resolution is better than 0.005 nm at 400 nm. Calibration curves are linear up to an absorbance of 0.2, 
and absorption sensitivities are up to 4-fold better than with the previous design. Fundamental 
characteristics of the detector limit the application of the instrument to sequential single-element 
quantification with the electrothermal atomizer, and to sequential multielement quantification with the 
flame atomizer. The further development of the instrument for simultaneous multielement quantification 
is discussed. 

A previous report’ from this laboratory described the 
results of a study of the use of an echelle- 
spectrometer/image-dissector combination for 

continuum-source atomic absorption (CSAA). Al- 
though the echelle/image-dissector system was origi- 
nally designed2-5 to help solve the classical problem of 
range vs. resolution in dispersive spectrometry, the 
results of the above-mentioned study indicated that 
multielement quantification by CSAA would require 
levels of resolution and range significantly beyond 
those available with the original design. The ap- 
proach that was taken to solve this problem was to 
replace the echelle grating with one that would 
provide the desired spectral characteristics. An 
echelle grating that matched the required 
specifications was not commercially available, so a 
new echelle grating was custom-designed and manu- 
factured for the spectrometer. Details of that system 
and a description of an optical phenomenon that can 
result in simultaneous improvements in resolution, 
range and throughput for the echelle- 
spectrometer/image-dissector system will be de- 
scribed elsewhere. 

This paper presents a detailed description of the 
modified instrument, data that characterize its capa- 
bilities and limitations with regard to multielement 
CSAA, calibration data for both electrothermal and 
flame atomization, and a discussion of the further 
development of the instrument for simultaneous 
multielement quantification by CSAA. 

*Present address: The Procter and Gamble Company, 
11520 Reed Hartman Hwy., Cincinnati, Ohio, U.S.A. 

EXPERIMENTAL 

Instrumentation 

The instrumental system consists of a continuum source, 
atomizer, echelle spectrometer, and image-dissector camera 
interfaced to a computer. Since the last report,’ there have 
been enough changes in design to warrant a detailed descrip 
tion of the major components of the instrument. 

Echelle spectrometer. A block diagram of the instrument 
is given in Fig. 1. The spectrometer is an f/15, modified 
Czerney-Turner configuration with a focal length of 75 cm. 
The echelle grating (E) is a custom-designed, 20-groove/mm 
grating with a b&e angle of 76” (Hyp&ne, In& Boulder, 
Colorado). The ruled width and groove-length of the nratina 
are 10 cm and 5 cm, respectively. The separation-of thi 
orders of the echelle spectrum is accomplished by a 
300-groove/mm grating (V) that is blazed at 300 nm in the 
first order. The ruled width and groove-length of this grating 
are both 5 cm. An important feature of the spectrometer as 
shown in Fig. 1 is that the echelle grating is positioned so 
that the angle of incidence (83.5”) is significantly steeper 
than the blaze angle (76”). The reason for this choice of 
angular working conditions is discussed later. For all data 
presented in this report, the width and height of the entrance 
slits were set at 100 and 50 pm respectively. 

Detector. The image-dissector system has been described 
elsewhere.’ For all data presented here, the working area of 
the photocathode corresponds to a rectangle with a width 
of 18 mm and a height of 30 mm. The magnetic shield was 
removed from the focus and deflection coil housings, and as 
will be shown later, this modification results in significantly 
improved quantitative performance. 

For purposes of comparison, a photodiode-array detector 
(Model 1412, EG & G-Princeton Applied Research) was 
included in one of the studies reported here. This detector 
has been described elsewhere.6 

Conrunuum source. The lamp used for the experiments in 
this report was a “super-quiet” 300-W xenon arc lamp 
(Model L2479, Hamamatsu Corp.) in an air-cooled housing. 

Atomizer. Electrothermal and flame atomizers were used. 
For the electrothermal atomizer (HGA2100, Perkin-Elmer). 
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ECHELLE SPECTROMETER 

I I 

Fig. 1. Block diagram of the echelle-spectrometer/image-dissector system as used in this work. E, echelle 
grating; V, order-sorting grating. 

the argon flow-rate was 60 ml/min, and the “interrupt” 
mode was used to provide optimum sensitivity. The pro- 
gram consisted of drying a 2Oq.11 sample for 30 set at loo”, 
charring the remaining solids for I set at lOOO”, and 
atomizing the residue for 15 set at 2700”. 

The flame atomizer was a previously described? burner 
system. The acetylene and air flow-rates were 1.2 and 
6 l./min, respectively, and the sample uptake was 6.7 
ml/min. The observation height was 5 mm above the burner 
head. 

Reagents 
Solutions of the elements of interest were prepared by 

appropriate dilution of certified atomic-absorption stan- 
dards (Alfa Products, Danvers, MA 01923) with distilled, 
demineralized water. Single-component solutions were used 
for studies with the electrothermal atomizer, and multi- 
component mixtures were used for studies with the flame 
atomizer. 

RESULTS AND DISCUSSION 

This section presents the results of studies of the 
performance of the image dissector and the echelle 
spectrometer as separate units with regard to the 
requirements for multielement quantification by 
CSAA, discusses the characteristics of the combined 
system, and then presents calibration data for CSAA 
with both electrothermal and flame atomization. Al- 
though wavelengths have been rounded to the near- 
est 0.1 nm, with appropriate calibration the system is 
capable of measurements to the nearest 0.01 nm. 

Instrument system 

Image dissector. Because the image dissector is a 
photomultiplier-type detector, its output should be 
linear with respect to changes in the input optical 
flux. However, our data indicate that this relationship 
is linear only for changes of intensity over a moderate 
area of the photocathode (> 1 mm2). The atomic 

absorption features in an echelle spectrum of a 
continuum source consist of small (50 x 50 pm) dark 
areas in the midst of a bright background. An 
accurate measurement of the intensity profiles of 
these dark areas is necessary if accurate absorbance 
values are to be obtained. The image dissector was 
tested for this capability by focusing an optical test 
pattern on the photocathode. The pattern consisted 
of a bright field (orders of echelle spectrum) crossed 
by two dark lines, side by side, with widths of 1 and 
0.2 mm. Photographs of this pattern show that 
intensity of each dark line is less than 0.1% of the 
intensity of the surrounding bright field. The output 
of the image dissector for this test pattern is shown 
in Fig. 2A and the output of the photodiode-array 
detector for the same test pattern is shown in Fig. 2B. 
The image dissector samples the intensity within a 
single order, whereas the photodiode array integrates 
the intensities from several orders within the test 
pattern. This instrumental difference produces 
different background slopes for the scans in Figs. 2A 
and 2B, but does not affect the intensities of the 
minima (dark levels). These data show that the image 
dissector is very limited in its ability to provide an 
accurate measurement of the dark level in the midst 
of a bright background, and that this limitation gets 
worse as the size of the feature gets smaller. The 
solid-state detector is clearly superior in this applica- 
tion. For the 0.2-mm feature, the image dissector 
gives an absorbance of 0.6, the photodiode array 
gives an absorbance of 1.1, and the true value should 
be above 3. It is reasonable to conclude that these 
values are close to the maximum attainable for a 
feature of this size. It is not surprising, therefore, that 
previously reported’ calibration curves obtained with 
the echelle/image-dissector system were linear only 
up to an absorbance of 0.1. 
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Fig. 2. Responses of the image dissector (A) and the 
photodiode array (B) to a test image. 
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Fig. 3. Responses of the image disssector to an absorption 
feature (CR, 425.4 nm) in the echelle spectrum of the 
continuum source (A) with and (B) without the magnetic 

shield. 

Through a series of experiments related to the 
effect of the magnetic shield on the performance of 
the image dissector, it was discovered that removal of 
the shield significantly improves the quantitative per- 
formance of the detector. The shield was originally 
removed in order to minimize the effects of boresight 
hysteresis’ in which the effective position of a given 
feature depends upon the scan history. In this case, 
the shield becomes magnetized by the deflection and 
focus coils, which disrupts the effective fields that act 
on the beam of photoel~trons within the drift region 
of the tube. The quantitative performance of the 
detector depends upon the quality of the focusing of 
the photoelectrons, which is subject to the effects 
mentioned above. The removal of the shield min- 
imizes these stray fields and improves the quantitative 
performance of the detector. This improvement is 
shown in Figs. 3A and 3B, which are the responses 
of the image dissector to a particular atomic- 
absorption feature in the echelle spectrum, with and 
without the shield, respectively. The absorption fea- 
ture, observed at 425.4 nm, was generated by the 
electrothermal atomization of a 200-ng sample of 
chromium, a mass large enough to produce an ab- 
sorbance of well above 1. These data show that the 
removal of the magnetic shield improves the quan- 

titative performance of the image dissector to a level 
that is similar to that obtainable with a solid-state 
detector. Taking all the available data into consid- 
eration, it is reasonable to expect that the upper limit 
of the linear range of the image dissector for fine 
spectral features should be an absorbance of about 
0.2 with the shield removed, and the maximum 
attainable absorbance should be about 1. Calibration 
data presented later were all obtained with the mag- 
netic shield removed from the image dissector. 

Echeffe spectrometer. The ~sitioning of the echelle 
grating so that the angle of incidence (83.5”) is steeper 
than the blaze angle (76”) results in the simultaneous 
improvement of resolution, range and throu~put by 
factors of 2.1, 1.5 and about 2, respectively. These 
benefits arise from the fact that the angular condi- 
tions result in a 70% reduction in the width of the 
image of the entrance slit at the focal plane, but only 
a 33% reduction in the dispersion. The most easily 
observed benefit of this phenomenon is that a given 
level of resolution can be obtained with a much wider 
entrance slit than when the echelle grating is used 
with the angle of incidence equal to the blaze angle. 
Thus, a lOO-pm wide, SO-pm high entrance slit 
appears as a 30-pm wide, 50-pm high image at the 
focal plane. These dimensions, which are those used 

TAL. WI-2-J 
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Fig. 4. Profile of the orders of an e&elk spectrum for a continuum source. 

for the experiments included in this report, represent a 
good match with the 30-pm aperture of the detector. 

The primary reason for the choice of blaze angle 
and groove spacing for the new echelle grating is to 
provide a spectrum that fits the size of commonly 
available imaging detectors while maintaining a high 
level of resolution. With the new grating (20 
grooves/mm, 76” blaze angle) in the 75cm spec- 
trometer, the observed resolution is better than 0.005 
nm at 400 nm, and the width of the spectrum ranges 
from 10 mm at 225 nm to 30 mm at 675 run. Thus, 
a detector with a width of 30 mm and su~cient height 
could cover the entire ultraviolet-visible spectrum up 
to 675 nm. However, the wavelength of most atomic- 
absorption lines of interest is shorter than 430 nm, 
so a detector with a width of about 18 mm would 
suffice, and this is the reason for setting the range of 
the horizontal scan of the image dissector to 18 mm. 
With this choice of horizontal range, the maximum 
available vertical range is about 30 mu. 

The spectral range of the instrument depends upan 
the total number of orders than can fit into the 
30-mm range of the detector. Ideally, if the spectrum 
were pure (no false orders or scattered light from the 
echelle grating) and entirely uniform, and if the 
imaging quality of the detector were perfect, a total 
of (3 x lo4 pm)/(38 pm/order) = 789 orders, could be 
stacked adjacent to one another within the available 
space. In practice, only about one-fourth of this 
number of orders would fit because, even if the 
spectrum were pure, it is nonunifo~ and the imaging 
quality of the detector is not perfect. This number 
of orders would cover a wavelength range from 
about 230 to 430 nm. A grating with about 150 
grooves/mm, used in the 75-cm spectrometer to dis- 
perse the orders of the echelle spectrum, would 
provide this range. 

Unfortunately, the new echelle grating does not 
produce a pure spectrum. Every principal order of the 
spectrum is accompanied by many weak false orders 
and scattered light. The intensity of each of these false 

features is less than about 1% of the nearest principal 
order, but when a continuum-source is used, and the 
principal orders are positioned close to each other to 
obtain maximum range, the false orders are un- 
resolved and sum together to provide a continuous 
level of scattered light that underlies the principal 
orders of the spectrum. As the orders are packed 
closer together, the number present within a given 
spatial resolution element increases, so the intensity 
of the scattered light also increases. Fortunately, 
when the packing of the principal orders is such that 
they are fully beeline-resolved, the intensity of the 
scattered light can easily be measured between the 
orders. Ex~e~mentally~ this baseline resolution is 
achieved when a 300-groove/mm grating is used to 
disperse the orders, and this is the reason for choos- 
ing such a grating. 

Figure 4 is a plot of a vertical scan through the 
orders of the echelte spectrum from about 300 to 430 
nm with the 300-groove/mm grating. Each peak 
represents one order, with the range from 430 to 
300 nm corresponding to the 226th to the 323rd order 
of the echelle spectrum, respectively. The iocus of the 
minima between the orders defines the level of scat- 
tered tight as a function of wavelength. This tevet, 
relative to the intensity of the principal orders, con- 
tinuously increases with decreasing wavelength, as 
would be expected for a scattering phenomenon. At 
430 nm, the level of scattered light is 14%, and it rises 
to about 50% at 300 nm. For a given ~~~mtion 
of the s~trometer, these relative levels are re- 
producible over extended periods of time. For exam- 
ple, ten measurements of the stray light near the 
425.4nm Cr line within a given day gave an average 
of 14.3 +O.Z%. Several days later the value was 
14.2 c 0.4%. 

Ex~~m~ntally, it is observed that the atomization 
of a very concentrated sample of an element reduces 
the intensity of the principal order at the peak 
wavelength to a level that is equal to the average of 
the intensities of the scattered light on each side of 
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that order. Thus, the intensity of scattered light that 
underlies a given order can be calculated from the 
measured intensities on each side of that order. For 
the purpose of calculating an absorbance value, the 
dark level (0%) should be considered to be equal to 
the intensity of the scattered light because this light 
is not subject to atomic absorption. 

Because the relative level ‘of the scattered light 
increases to over 50% at wavelengths shorter than 
300 nm, the instrument is not very useful for such 
wavelengths. An echelle grating with improved qual- 
ity would solve this problem, but the manufacture of 
high-quality echelle gratings with fewer than 30 
grooves/mm represents a formidable technological 
challenger that for the most part has been avoided for 
the last two decades. The manufacturer of the echelle 
grating used to obtain the data presented here has 
stated that it is now possible to improve upon the 
quality by about 50%, which should extend the 
usable range down to about 250nm. 

Fig. 5. Comparison of calibration curves for chromium 
(425.4 nm) by (a) the instrument described in this work, (b) 

the instrument previously described.’ 

Combined system. This section briefly examines 
those characteristics of the combined system that 
limit its utility for multielement quantification by 
CSAA. 

Although the echelle spectrometer displays the 
entire spectrum simultaneously on the face of the 
detector, the image dissector is not an integrating 
detector and accordingly is not capable of simulta- 
neously accumulating all this information. Thus, the 
present system does not have the so-called multiplex 
advantage. Additionally, even with the improved 
throughput of the echelle system that was mentioned 
earlier, the observed photoelectron transmission 
through the aperture of the detector is of the order 
of 20 kHz. With this rate, a minimum of 0.5 set is 
required to obtain a reasonably certain measurement 
of the intensity at a given location, and because the 
detector is inherently sequential, every location ob- 
served adds proportionately to the total time of 
measurement. These characteristics necessarily limit 
the use of the echelle/image-dissector system to se- 
quential, single-element determination with electro- 
thermal atomization, because of the transitory nature 
of the signal produced by this type of atomizer. With 
flame atomization, however, the instrument can be 
used for sequential multielement quantification pro- 
vided the amount of sample is sufficient to last for the 
time required to measure the intensities for all the 
elements of interest. 

additional information required to properly define 
the profile of a line significantly increases the time 
required for the measurement. This limitation of the 
instrument restricts the collection of data to two 
points (one at the peak location and one at a single 
background location) per line-profile for studies with 
the electrothermal atomizer. This method is very 
susceptible to positional drift (mechanical, electronic, 
electrostatic or magnetic), which is yet another lim- 
itation of the image dissector. For studies with the 
flame atomizer, data can be collected for the entire 
profile of each line examined, which requires about 
8 set per line. Because of the length of time required 
to measure the profile of a single line, only four 
elements were included in the multicomponent sam- 
ples studied. About 0.5 min was required for each 
sample. 

Calibration results 

Electrothermal atomizer. Calibration data were ob- 
tained for single-component solutions of Cr (425.4 
and 357.9 nm), Ca (422.7 nm), Mn (403.1 nm) and 
Cu (324.8 nm) with the electrothermal atomizer. 
Figure 5 shows a comparison between a calibration 
curve for Cr (425.4 nm) obtained with the redesigned 
instrument (curve a) and one obtained with the 
instrument used in the previous work’ (curve b). The 
combination of improved spectral resolution (0.005 
cr. 0.01 nm) with the improved quantitative per- 
formance of the detector (removal of magnetic shield) 
affords a l.dfold increase in sensitivity (slope) and a 
2-fold increase in the upper limit of linearity. 

One inherent advantage of CSAA over line-source Calibration data are listed in Table 1, which in- 
atomic-absorption (LSAA) is the ability to obtain cludes the standard error of the estimate for a linear 
absorbance profiles of atomic lines with a single least-squares fit of absorbance (A) us. mass (pg) for 
lamp. This information can be used to calculate the each element, as well as the upper limit of the linear 
background-corrected absorbance. For these calcu- range and the characteristic mass, which corresponds 
lations, I,, is the average of the intensities measured to an absorbance of 0.0044. Values of the character- 
on each side of a line and I is the intensity measured istic mass and the upper limit of the linear range 
at the peak wavelength, both values being measured obtained for each element with the instrument used 
at the center of the order which contains the line. in the previous work’ are included for comparison. 
Because the echelle/image-dissector system is not a The absorbance at the upper limit of the linear range 
multiplex instrument, however, the acquisition of the for each element reported here is about 0.2, whereas 
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Table 1. Summary of results for elements determined by CSAA with electrothermal atomization 

Characteristic mass, pgt Upper limit of linear range, pg 
Wavelength, Standard 

Element nm error* This work Ref. 1 This work Ref. 1 

Ca 422.7 0.002 6 26 200 300 
Cr 425.4 0.003 71 116 3000 2000 
Cr 351.9 0.005 44 46 2000 800 
cu 324.8 0.003 26 81 1200 2000 
Mn 403.1 0.001 24 94 1000 4000 

*Standard errors of absorbance. 
tMass required to give an absorbance of 0.0044. 

in the previous work it was about 0.1. Each element 
shows a significant improvement in its characteristic 
mass, or its upper limit of linearity, or both. The fact 
that improvements are better for some lines than for 
others is related to differences in line shapes; in 
general, the narrower the lines, the greater the im- 
provements. 

Smoothing of the absorbance vs. time profiles 
allows the shot-noise to be reduced to levels that 
correspond to an absorbance of 0.005, so the 
detection limits can be calculated as multiples of the 
characteristic masses for any desired level of 
confidence. These data could have been acquired in 
a virtually simultaneous multielement mode by scan- 
ning rapidly from one location to the next and then 
smoothing the resulting absorbance vs. time profiles, 
but the level of noise and limit of detection for each 
element would be substantially increased. These stud- 
ies indicate that the level of noise is intolerably high 
even when only two lines are measured. 

Flame atomizer. Calibration data were obtained for 
multicomponent mixtures of Cr (357.9 nm), Ca 
(422.7 nm), Mn (403.1 nm), and Cu (324.8 nm) 
with the air/acetylene flame. These data are listed in 
Table 2, which includes the standard error of the 
estimate for a linear least-squares fit of absorbance vs. 
concentration (ppm) for each element, as well as the 
characteristic concentration, and the upper limit of 
the linear range. Previously reported* values of the 
sensitivity for each element quantified by LSAA 
(multielement hollow-cathode lamp) were used to 
calculate the characteristic concentration values that 
are included in Table 2 for comparison. Because 
calcium was not included in the multielement lamp its 
value for comparison was obtained with the echelle/ 

image-dissector system by using a calcium hollow- 
cathode lamp and the same experimental conditions 
with which the CSAA value was obtained. Except for 
chromium, the CSAA sensitivities are within a factor 
of two of the LSAA values that are listed for 
comparison. Calcium gives especially good results; 
other data show that this line is very broad, so the 
nonideal quantitative performance of the detector is 
not as likely to cause a loss of sensitivity for this line 
as it would for narrower lines. 

Smoothing of the absorbance vs. wavelength 
profiles allows the noise to be reduced to levels that 
correspond to absorbances of 0.005, so the detection 
limits can be calculated as multiples of the character- 
istic concentrations for any desired level of 
confidence. Alternatively, lower levels of noise and 
limits of detection can be obtained by imposing a 
longer time constant for the analog filter or digital 
smoothing routine, which in turn would require a 
longer time for the measurement of the profile of each 
line. 

Discussion 

The fundamental concept that underlies the work 
presented here and in previous reports is that it 
should be possible, by utilizing an appropriately 
designed echelle spectrograph combined with a mod- 
ern two-dimensional imaging detector, to simulta- 
neously and quantitatively examine a wide spectral 
region, with a very high level of resolution. The 
system described in this report is limited in two 
principal respects. First, the quality of the echelle 
grating limits both the total spectral coverage (pack- 
ing limited by false orders) and the utility of the 

Table 2. Summarv of results for elements determined by CSAA with flame atomization 

Characteristic 
concentration, ppmt 

Wavelength, Standard 
Element nm error* This work Ref. 2 

Ca 422.1 0.002 0.31 os1g 
Cr 357.9 0.002 1.00 0.15 
cu 324.8 0.003 0.17 0.08 
Mn 403.1 0.002 0.87 0.47 

*Standard errors of absorbance. 
tconcentration required to give absorbance of 0.0044. 
&See text. 

Upper limit of 
linear range, 

PPm 
15 
30 
10 
50 
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instrument in the ultraviolet range. Second, the image 
dissector is inherently sequential, which prevents the 
instrument from being used to accumulate informa- 
tion simultaneously at multiple spectral locations. In 
spite of these limitations, it has been demonstrated 
that the present system combines the resolution and 
range required for practical multielement quantifi- 
cation by CSAA. It should be possible to improve 
some of the performance features of the instrument 
with the use of higher quality echelle gratings and 
integrating two-dimensional detectors. Work is con- 
tinuing in these areas. 7. Technical Note 112, A Survey of Image Dissector Per- 

formance Characteristics, ITT Electra-Optical Products 
Division, Tube and Sensor Laboratories, Fort Wayne, 
Indiana 46863, pp. 19-20. 
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Summary-The collection, processing and certification of a new sediment Standard Reference Material 
(SRM), SRM 2704, is described. Collected from the bottom of the Buffalo River in New York State during 
the fall of 1986, SRM 2704 is certified for 25 elements with information provided on another 22 elements. 
Improvements in analytical methods as well as the application of well-defined quality-control procedures 
for collection, processing and analysis have resulted in a reference material that is more completely 
characterized than previous NIST sediment reference materials. 

Reference materials are “well-characterized, stable, 
homogeneous materials having one or more physical 
or chemical properties determined within stated mea- 
surement uncertainties”.’ These properties are 
sufficiently well-established to be used for the cali- 
bration of an apparatus or the assessment of a 
measurement method.* Reference materials thus 
play an essential role in analytical chemistry. They 
are used to evaluate the accuracy of new analytical 
methods and to maintain the quality of established 
measurement procedures. Sediments are among the 
most useful types of reference materials for inorganic 
elemental analysis, since their complex composition 
makes the greatest demands on the dissolution and 
analysis methods used for their characterization. 
Bottom sediment reference materials from numerous 
aqueous environments (rivers, ponds, bays, streams, 
gulfs, etc.) have been prepared by various organi- 
zations thoughout the world.’ These organizations 
issue certified reference materials (CRMs) with 
critically-evaluated concentration values for inor- 
ganic or organic constituents. Additional data for 
both certified and uncertified constituents in CRMs 
have been obtained by numerous analysts worldwide, 
and are available in the scientific literature.4 The 
usefulness of a reference material will depend on the 
number of certified elements and their concentration 
levels, as well as the estimate of uncertainty placed on 
each certified concentration. The estimated uncer- 
tainty is frequently expressed as 95% tolerance limits 
for an individual subsample,’ although there is no 

*Author to whom correspondence should be addressed. 
tFormerly National Bureau of Standards. 

standard method for deriving these limits. Typically, 
the uncertainties are a function of the sample ho- 
mogeneity, the precision and accuracy of the anal- 
ytical measurement, and the integrity of each step in 
the certification process. 

The planning that goes into the preparation of a 
Standard Reference Material (SRM), which is a 
CRM issued by the National Institute of Standards 
and Technology (NIST), involves the selection of 
analytical techniques that have adequate sensitivity 
and precision for specific analyses. In laboratories 
dedicated to the development of SRMs, such as the 
Center for Analytical Chemistry at NIST, there are 
a number of analytical methods operated by person- 
nel experienced in the requirements for high-accuracy 
analyses. The availability of control materials and 
rigorous quality-assurance procedures in such dedi- 
cated certification laboratories results in much lower 
uncertainties than would be possible by using a large 
number of co-operating laboratories in a round-robin 
consensus approach to certification. A primary goal 
in the development of a new river sediment SRM was 
to reduce the uncertainties associated with certified 
values to below those previously attained for NIST 
sediment reference materials. 

This paper will describe the collection, processing, 
and certification of the new NIST sediment reference 
material, SRM 2704, collected from the Buffalo River 
in New York State. We believe that improvements in 
analytical techniques as well as the application of 
well-defined quality-control procedures for col- 
lection, processing, and analysis has resulted in a 
reference material that is superior to previous NIST 
sediment reference materials. 

141 
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Table 1. Summary of analytical results for preliminary samples of Buffalo River sediment 

Com~nent/~haracteristic 

Passing 60-mesh sieve 
Homogeneity: Fe, Si, Ca 

C 
Elemental analysis, % 

Al 
Ba 
C 
Ca 
Cr 
CU 
Fe 
K 
Mg 
Mn 
Na 
Ni 
P 
Pb 
Si 
Ti 
Zn 

Organic analysis, pg/g 
Naphthalene 
Phenanthrene 
Anthracene 
Fluoranthene 
Pyrene 
Benze(a)anthracene 
Chry~ne/t~phenylene 
~~ofluoran~~es 
Benzo(e)pyrene 
Benzo(u)pyrene 
Perylene 
Indeno(l,2,3-cd)pyrene 
Benzo(nhl)nervlene 

Times Beach facility 

35% of wet weight 
t2% 

2% 

4.3 
- 
3.9 
2.1 
0.04 
0.03 
9.5 
- 
0.9 
0.1 
0.7 
0.004 

<O.l 

25 
- 
0.1 

18 
18 
5 

15 
11 
4 
4 
4 
1.5 
1.8 
0.6 
1.2 
1.1 

Buffalo River 
Ohio St Bridge 

40% of wet weight 
<I% 

0.2% 

5.9 
0.04 
2.6 
2.3 
0.008 
0.01 
3.7 
2.0 
1.2 
0.06 
0.6 
0.005 
0.1 
0.01 

28 
0.4 
0.02 

0.6 
0.6 
0.1 
1.3 
1.2 
0.5 
0.5 
0.8 
0.3 
0.3 
0.2 
0.3 
0.2 

PCBs and pesticides: Arochlor 1242 in the Times Beach sediment was 3.58 + 0.24 rg/g. The 
Buffalo River PCB fraction showed peaks with retention times corresponding to hexa- 
chlorobenzene, 4,4’-DDE, and PCB 153, 138, and 180, and the Buffalo River pesticide 
fraction showed peaks with retention time corresponding to t-chlordane, a-chlordane, 
transnonachlor, 4,4’-DDD, and 4,4’-DDT at levels in the low ngjg range. 

THE CERTIFICATION PROCESS 

Collection, processing and characterization of candi- 
date sediments 

Although the ideal sediment reference material 
should be certified for both inorganic and organic 
constituents, this is usually not possible. The criteria 
for collection, processing and storage are different for 
these two types of constituents. The most desirable 
equipment for the collection of materials to be 
certified for the one group is the most probable 
source of contamination with the other. Since the 
SRM 2704 was designed as an inorganic reference 
material, the collection and processing procedures 
were designed to minimize inorganic contamination. 
However, organic contamination was also kept to a 
minimum by using Teflon enclosures whenever possi- 
ble. 

In April of 1985, preliminary samples of sediment 
were collected with a clamshell-type grab-sampler 
from three locations along the Buffalo River in 

Buffalo, NY. Another sample was taken with a core 
sampler from the Times Beach confined disposal 
facility at the mouth of the river. The sediments were 
placed in half-gallon polyethylene containers, refi-ig- 
erated within 2 hours of sampling and kept under 
refrigeration during shipment to NIST. The samples 
were then homogenized, freeze-dried, and sieved 
through a 60-mesh plastic screen. Sediment that 
passed through the screen was selected for analysis. 
The Times Beach sample appeared heterogeneous, 
with small white particles distributed throughout the 
bulk, and had a high organic content as evidenced by 
the odor and color. The Buffalo River sediments 
appeared homogeneous, with some coal particles 
visible under microscopic examination. 

Inorganic constituents were characterized by using 
lithium metaborate fusion for sample preparation, 
and analysis by inductively-coupled and direct- 
current plasma emission spectrometry, flame atomic- 
absorption and emission spectrometry. Carbon was 
determined by inert gas fusion and infrared detection, 
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and arc emission spectroscopy provided a qualitative 
analysis. Organic constituents in methylene chloride 
extracts of the sediment were characterized by gas 
chromatography (GC) for PCBs and pesticides and 
gas chromatography/mass spectrometry (CC/MS) 
for polycyclic aromatic hydrocarbons (PAHs). The 
semiquantitative results for the preliminary sediment 
samples are summarized in Table 1. 

Collection and processing of SRM 2704 

Though less interesting from the standpoint of 
organic constituents, the Buffalo River sediment col- 
lected in the vicinity of the Ohio Street bridge had the 
homogeneity, particle size, and element concen- 
tration characteristics appropriate for a useful refer- 
ence material. The sampling procedure was a com- 
promise between the methods used in the collection 
of SRM 1645 (River Sediment) and SRM 1646 
(Estuarine Sediment). ‘s6 SRM 1645 had been col- 

(a) 

lected with a large clamshell bucket that had a 
capacity of 14 gallons. The contents of the bucket 
were dumped directly into 55gailon polymer-lined 
drums. This resulted in a time-efficient sampling 
operation but produced a relatively heterogeneous 
sample, which complicated the sieving and homoge- 
nization processes. SRM 1646 had been collected 
with a small l-gallon capacity grab-sampIer, a 
method which was both time and labor intensive but 
resulted in a homogeneous sample. The distribution 
of river sediment is not as predictable as that of 
estuarine or marine sediment and such a small-scale 
sampling scheme would be unsatisfactory for col- 
lecting 1000 lb of sediment. The compromise involved 
small-scale sampling from a large collected sample. 

The Buffalo River sediment was collected with the 
co-operation of the U.S. Army Corps of Engineers in 
late November of 1986. An unpainted, cleaned, and 
rinsed clamshell bucket suspended from the crane of 

Pig. 1. Collection of the Buffalo River sediment. (a) The derrick boat and clamshell bucket used to collect 
the sediment. (b) The transfer of sediment with a Teflon-coated shovel from the clamshell bucket to a 

plastic-lined steel drum. 
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a derrick boat [Fig. l(a)] was used for the collection. 
The sampling site, about 100-200 m on the upstream 
side of the bridge, had not been dredged in over two 

jears. The river bottom sediment was sampled to a 
depth of approximately 1 m with each bucketfull. The 
sediment was transferred with a Teflon-coated shovel 
to 55gallon steel drums lined with Teflon bags nested 
inside polyethylene bags, as shown in Fig. l(b). 
Teflon-coated shovels were used to minimize con- 
tamination, and care was taken to ensure that the 
material transferred had not been in direct contact 
with the inside of the bucket. Once the drums were 
filled, the bags and drums were sealed and transferred 
to a refrigerated truck. The sediment was then trans- 
ported to a facility where it was mixed, freeze-dried, 
screened to pass a loo-mesh sieve, remixed, and 
placed in polyethylene-lined aluminum cans. The 
sediment was radiation-sterilized at a minimum 
dose of 2.5 Mrad to reduce the rate of any bio- 
degradation and returned to NIST for evaluation of 
gross homogeneity. 

The gross homogeneity of the blended sediment 
was assessed by means of measurements made by 
inductively-coupled plasma emission spectrometry. 
Representative samples (0.3 g) were taken from the 
cans of sediment and decomposed by lithium meta- 
borate fusion. Four target elements were chosen for 
examination. Iron and chromium were selected since 
they were among the most likely contaminants from 
the collection and processing of a sediment. Both 
elements had been found to be inhomogeneously 
distributed in SRM 1645.4 Silicon was chosen as 
a target element since microscopic examination of 
the new sediment revealed large quartz particles. 
Sodium was selected since it had been found to 
be inhomogeneously distributed in preliminary, 
unblended samples of the sediment. 

An analysis of variance (ANOVA) was used to 
separate the bottle-to-bottle, sample-to-sample, and 
instrument variances. No inhomogeneity for sodium 
or silicon could be detected when compared to the 
instrumental measurement variance. Bottle-to-bottle 
inhomogeneity was observed for chromium at the 
99% confidence level, and for iron at the 97.5% 
confidence level. On the basis of this information, the 
sediment was reblended at NIST in a cone blender. 
Subsequent evaluation of the reblended material indi- 
cated satisfactory homogeneity for these elements. 
Fraction analysis indicated that the entire sample was 
smaller than loo-mesh and 70% of the sample was 
smaller than 324-mesh. The material was then bottled 
in 50-g units, producing a total of approximately 
3300 units. Fifty bottles, randomly selected from 
the entire population, were used for the analytical 
measurements. 

Humidity/drying study 

The behavior of SRM 2704 under varying environ- 
mental conditions was evaluated by use of an 
environmental chamber equipped for accelerated 

humidity and drying studies.‘** In this device, sample 
weight changes can be monitored while the sample 
undergoes a wide range of temperature and relative 
humidity (% RH) cycles. Such studies are necessary 
for stating drying conditions by which all users of an 
SRM can obtain a starting material of the same 
moisture content. The nominal weight loss of SRM 
2704 was 0.8% under the recommended drying con- 
ditions of 2 hr at 1 lo”. Exposure of the sediment to 
cyclic humidity changes between 40 and 80% RH 
resulted in weight gains of as much as 1.3%, but the 
original dry weight was restored when the material 
was dried under the recommended conditions. When 
exposed to 33% RH conditions for 30 min, the dry 
sediment regained almost 70% of the water loss from 
drying. Thus, care must be exercised in weighing the 
material. However, up to 50% RH the undried 
sample showed little tendency to pick up water vapor. 
The composition of SRM 2704 tended to be re- 
producible at a given % RH, and a sample could 
be dried to a reproducible composition when the 
recommended drying procedure was used. The mate- 
rial does not dry to a constant composition under 
microwave drying’ and that procedure is not recom- 
mended. 

Evaluation of sediment homogeneity 

The extreme difficulty in quantitatively assessing 
the homogeneity of a reference material can be seen 
by the manner in which the homogeneity of elemental 
composition in reference materials has often been 
defined. Statements such as “satisfactory” and “all 
bottles . . . have substantially the same composition” 
have been used to describe the homogeneity of distri- 
bution of some elements,5.6 although more specific 
estimates may be provided for a few other elements. 

Ideally, homogeneity information should provide 
an estimate of the amount of material required in 
order to avoid exceeding a series of defined sampling 
uncertainties for each certified element. As discussed 
by Kratochvil et al.,9 homogeneity is estimated by 
using the relationship WR2 = K,, where W is the 
weight of sample, R is the RSD (%) of sample 
composition, and K, is Ingamell’s sampling constant, 
which is the weight of sample required to limit the 
sampling uncertainty to 1% with 68% confidence. 
The sampling constant can be determined by esti- 
mating the between-sample standard deviation, from 
a series of measurement sets of different sample 
weights. 

The sampling uncertainty and its dependence on 
sample size will not be the same for all elements 
unless the elemental distribution is the same within 
each particle of the bulk matrix. While this may be 
approximated in a reference material, such as a glass, 
that has been formed (without segregation) from a 
homogenized liquid melt, in most reference materials 
the composition of particles of different size will vary 
significantly. This is particularly true for naturally 
heterogeneous materials like sediments. In these ma- 



River sediment standard reference material 145 

terials, the sampling standard deviation may become (ZrSiO,) and corundum (Al,O,). Figure 2 shows two 

rather large for some elements when small (< 100 mg) of the particles that were recovered from the acid 

sample weights are used. digestion. 

Detailed studies of reference material homogeneity 
by analysis of varied sample sizes have been per- 
formed for mixed diet,” lobster,” doghsh and oyster 
tissue.‘* The homogeneity of the bottled units of 
SRM 2704 was assessed by using X-ray fluorescence 
(XRF) spectrometry. Duplicate l-g samples from 8 
randomly selected bottles were fused with lithium 
tetraborate and analyzed for Al, Si, K, Ca, Ti, Fe, Zn, 
Sr, P, Mn, Rb, and Zr. No statistically significant 
differences, within or between bottles, in the elemen- 
tal composition of samples were observed relative to 
the uncertainty in the XRF measurement, which was 
less than 0.4%. Sample homogeneity was also as- 
sessed from certification analysis results by applying 
ANOVA to bottle-to-bottle, sample-to-sample, 
and instrument variance information provided by 
each analytical method. This method uncovered an 
inhomogeneity of approximately 4% for Pb from 
measurements made by thermal ionization isotope- 
dilution mass spectrometry (TI-IDMS) and laser- 
enhanced ionization spectrometry (LEIS) on samples 
weighing between 250 and 500 mg. 

Of the elements reported present in the residue 

from acid digestion, only Ti showed a negative bias 
when results from techniques which used fusion of 
samples (XRF, DCP) or direct analysis (INAA) were 
compared with techniques using acid digestion (ICP). 
The ICP result for soluble Ti in the acid-digested 
SRM 2704 was approximately 10% lower than the 
total Ti reported for the XRF, DCP, and INAA 
determinations. 

Analytical measurements 

The co-operating laboratories, the elements deter- 

mined, participating analysts, and the techniques 
selected for certification analysis are listed in Table 2. 
Each laboratory was given a set of instructions 
which detailed the number of samples to be analyzed, 
the drying procedure, the dissolution procedure 
(if applicable), the control samples to be analyzed, 
and the information relative to method bias 
and precision which should be included with the 
individual reports of analysis. 

Decomposition procedures 

Though some analytical methods, such as instru- 
mental neutron activation analysis (INAA) and inert 
gas fusion (IGF), could be used to analyze the 
sediment directly with little or no sample preparation, 
most techniques required a decomposition step 
before analysis. In order to maintain the “indepen- 
dence” of analytical methods, different decom- 
position procedures were specified for similar 
methods. For example, a lithium metaborate fusion 

was selected for direct-current plasma (DCP) anal- 
ysis, since this commonly uses lithium as an inter- 
ference buffer. Acid digestion was chosen for 
inductively-coupled plasma (ICP) emission spectro- 
metry to maintain method independence. Informat- 
ion on the decomposition procedures for all the 
analytical methods is listed in Table 2. 

SRM 2704 was readily brought into solution after 
a lithium metaborate fusion. However, several ana- 
lysts reported that acid digestion in an open vessel, 
with a combination of hydrofluoric, nitric and 
perchloric acids, left a small residue of dark particles. 
These particles were examined by several analytical 
methods. Arc emission spectroscopy reported Ti as 
the major component, Al, Ca, Fe, Mg, Mn, Si, Zr as 
minor components, and Cu as a trace component. 
ICP (lithium metaborate fusion) revealed the pres- 
ence of Ti, Fe, Ca, and Al. The electron microprobe 
showed rutile (TiO,), zircon (ZrSiO,), chromite 
(FeCr,O,), and unknown particles which were possi- 
bly coal (C, S) and glass (Na, Si, Ca, Mg, K, Al). 
X ray diffraction indicated diaspore and boehmite 

WWW, rutile and anatase (TiO,), zircon 

Fig. 2. Scanning electron microscope photographs of par- 
ticles remaining after acid digestion of SRM 2704. (a) Rutile 

(TiO,). (b) Zircon (Z&O,). 
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Table 2. Analytical methods used for the analysis of SRM 2704 

Laboratory* Technique? Sample preparation Elements determined5 

MCL/PSU 

NRCC 

ORAU 

LANL 

NIST 

Colorimetry 
DCP 

DCP 

Coulometry 

CVAAS 

ICP-IDMS 

GFAAS 

XRF 

INAA 

CVAAS 

IENAA 
INAA 

IGF 

CVAAS 

GFAAS 

HGAAS 

IC 

TI-IDMS 

ICP 
DCP 

DCP 
FES 
FAAS 

INAA 

LEI 
GFAAS 

Gravimetry 

XRF 

Polarography 

Closed Teflon bomb digestion with 
HNO,, HF and HC104 for 18 hr at 
110” 

Lithium metaborate fusion 

Reflux acid digestion of sample in 
250-ml silica Erlenmeyer flasks with a 
mixture of HNO, and HClO, 

Ti, Fe, Mg, Ca, Mn, Sr, Ba, Na, K 

C 

Hg 

Microwave acid digestion’3,‘4 Ni, Cu, Zn, Pb, Cd, Sb, Sn, Tl, U 

Microwave acid digestion’3,‘4 Cd, Pb, Co, Cu, Ni, As, Sb 

Mixed tetraborate/carbonate fusion S 

Reflux acid digestion 

Reflux acid digestion” 

Open beaker acid digestion with HF, 
HNO, and HClO, 

Reflux acid digestion with HNO,, 
H,SO, and HCIO, 

High-pressure calorimetric oxygen 
bomb 

Open beaker acid digestion with HF, 
HC104 and HNO, with subsequent 
ion-exchange separation 

Open beaker acid digestion with HF, 
HClO, and HNO, with ignition and 
acid digestion of residue 

Lithium metaborate fusion in plat- 
inum crucibles with dissolution in 4% 
HNO, 

Open beaker acid digestion with HF, 
HCIO, and HNO, with subsequent 
Chelex- 100 separation 

Sodium carbonate fusion 

Lithium tetraborate fusion 

Open beaker acid digestion with HF. 
HCIO, and HNO, with subsequent 
liquid-liquid extraction 

P 
Li 

Al, Ca, Fe, K, Na, Ti 
As, Ba, Ce, Co, Cr, Cs, Dy, Eu, Hf, Lu 
Mn, Rb, Sb, SC, Sm, Th, U, V, Yb, Zn 

Hg 

As, Br, I, Ga 
Co, Cr, Eu, Fe, Rb, SC, Th, Yb 

C, S 

Hg 

Cd 

As, Se 

CL s 

Pb, Tl, U 

Al, Ca, Cu, Mg, P, Ti, V 
Co, Na, Ni, Sr 

Al, Ba, Ca, Cr, Fe, Mg, Si, Ti, V 
Al, K 
Mn, Zn 

As, Cs, Cr, Co, Fe, K, Sb, U, Zn 

Mn, Ni, Pb 
Cd 

Si 

Al, Si, P, K, Ca, Ti, Mn, Fe, Zn, Sr, Rb, Zr 

Cu. Pb, Zn 
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Table Z(contd.)-footnotes 

*Co-operating laboratories: 
MCLjPSU = Mineral Constitution Laboratory, The Pennsylvania State University, University Park, PA 16802 
NRC/Canada = Analytical Chemistry Division, National Research Council of Canada, Ottawa, Canada KlA OR6 
ORAU 
LANL 
NIST 

= Oak Ridge Associate Universities, Oak Ridge, TN 37831-0117 
= Los Alamos National Laboratory. Los Alamos. NM 87545 
= Center for Analytical Chemistry,-National Institute of Standards and Technology, Gaithersburg, MD 

20899 
tAnalytica1 technique abbreviations: 
CVAAS =-Cold-Vapor Atomic-Absorption Spectrometry 
DCP = Direct-Current Plasma Emission Snectrometrv 
FAAS 
GFAAS 
HGAAS 
IC 
ICP 
ICP-IDMS 
IGF 
INAA 
IENAA 

= Flame Atomic-Abso~tion Spectrometry * 
= Graphite Furnace Atomic-Abso~tion Spectrometry 
= Hydride-Generation Atomic-Absorption Spectrometry 
= Ion Chromatography 
= Inductively-Coupled Plasma Emission Spectrometry 
= Isotope Dilution Inductively-Coupled Plasma Mass Spectrometry 
= Inert Gas Fusion with Infrared Detection 
= Instrumental Neutron Activation Analysis 
= Instruments Epithermal Neutron Activation Analysis 
= Laser-Enhanced Ionization Spectrometry (acid dig~stion/separation) 
= Thermal-Ionization Isotope Dilution Mass Saectrometrv 

LEI 
TI-IDMS 
XRF = X-Ray Fluorescence Spe&rometry 
$Participating analysts: 
NIST: I. L. Barnes (TI-IDMS) 

E. S. Beary (drying studies) 
D. A. Becker (INAA) 
T. A. Butler (GFAAS, HGAAS, CVAAS) 
S. N. Chesler (GC for PCB, pesticides) 
B. I. Diamondstone (IGF) 
M. S. Epstein (DCP, FAAS, FES, GFAAS) 
J. D. Fassett (TI-IDMS) 

W. F. Koch (IC) 
A. F. Marlow (XRF) 
M. Miller (GC) 
J. R. Moody (TI-IDMS, drying studies) 
P. A. Pella (XRF) 
C. Poston (particle studies) 
K. W. Pratt (Polarography) 
T. C. Rains (GFAAS, HGAAS, CVAAS) 
T. A. Rush (GFAAS, HGAAS, CVAASj 
G. A. Sleater IXRF) 
G. c. Turk (LEI, GFAAS) 
1. W. Vetter (Gravimetry) 
2. Wang (XRF) 
R. L. Watters, Jr. (ICP) 
L. J. Wood (ICP) 

R. C. Gauer (IGF) 
R. R. Greet&era (INAA) 
L. R. Hifpert (&/MS for PAR) 
L. A. Holfand (XC) 
Yu. Li Jian (GFAAS) 
H. M. Kingston (Chelex-100 separations) 

MCL/PSU: J. B. Bodkin (Colorimetry, Coulometry) 
N. H. Suhr (DCP, FAAS) 

NRCC: S. Berman (coordinator) 
S. Willie (GFAAS) 
V. Clancy (XRF, CVAAS) 
J. W. McLaren (ICP-IDMS) 
D. Beauchemin (ICp-IDMS) 
Rukihati (ICP-IDMS) 

ORAU: G. Gleason (INAA) 
LANL: E. S. Gladney (INAA, IENAA) 

RESULTS 

Certified values 

The certified values determined from SRM 2704 
are listed in Table 3. Each certified value is a weighted 
mean of results from two or more inde~ndent 
analytical techniques. When only NIST laboratory 
results were used to determine the certified values, the 
weights for the weighted means were computed ac- 
cording to the iterative procedure of Paule and 
Mandell When co-operating laboratory results were 
included in calculation of the certified values, all 
results were weighted equally. The procedure of Paule 
and Mandel assumes that the uncertainty limits 
placed on analytical results accurately reflect both 
random and systematic error and that method bias 
has not been underestimated. The assumption is 

made for results obtained at NIST because of the 
strict in-house controls on analysis procedures and 
data-reporting that are required. 

Noncertified values are given in Table 4 for a large 
number of elements. There are several reasons why a 
concentration value may not be certified. If a bias is 
suspected in one or more of the methods required for 
certification, or if two independent methods are not 
available, the element concentration cannot be 
certified. Certified values for some of these elements 
will eventually be provided in a revised certificate 
when more data are available. 

Uncertainty in certifed values 

The uncertainty reported for each certified element 
reflects the material inhomogeneity and random and 
systematic errors among the methods used for 
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Table 3. Certified values for constituent elements 

Element 

Aluminum 
Calcium 
Carbon 
Iron 
Magnesium 

Antimony 
Arsenic 
Barium 
Cadmium 
Chromium 
Cobalt 
Copper 

% 

6.11 kO.16 
2.60 f 0.03 

3.348 f 0.016 
4.11 +0.10 
1.20 * 0.02 

rglg 
3.79kO.15 
23.4 + 0.8 
414 * 12 
3.45 * 0.22 
135*5 

14.0 k 0.6 
98.6 f 5.0 

Element 

Phosphorus 
Potassium 
Silicon 
Sodium 
Titanium 

Lead 
Manganese 
Mercury 
Nickel 
Thallium 
Uranium 
Vanadium 
Zinc 

% 

0.0998 f 0.0028 
2.00 f 0.04 

29.08 + 0.13 
0.547 * 0.014 
0.457 + 0.018 

rgig 
161 f 17 
555 f 19 
1.44 f 0.07 
44.1 f 3.0 

1.2 f 0.2 
3.13 *0.13 

95f4 
438 k 12 

*.‘-(a) 

2.8 - 

z 

s 
2.7 - 

T - - 
2.6 - 2.60+ 

0.03 

2.5 I I I I I 

INAA XRF ICP OCP XRF Certified 

o.54-_(bl 

0.49 - 
-r 

z 
.- 
I- 

T T 1 -:0.457t 0.016 
0.44 - 

0.39 
I T , I I l l 

INAA ICP DCP XRF DCP XRF Certified 

4.6 -(cl 

4.1 - 

\” I 

s 

3 

3.6 - 

T I I --0.22 
3.45+ 

I 

3.1 
I I I I 

GFAAS GFAAS GFAAS GFAAS Certified 
ICP-IDMS 

Analytical technique 

Fig. 3. The relationship of the certified value to results from 
individual analytical techniques. (a) Calcium--close agree- 
ment by all techniques. (b) Titanium-results by the tech- 
nique using acid digestion (ICP) were eliminated in the 
determination of the certified value. (c) Cadmium-one 
result by the GFAAS technique was biased but results from 
other laboratories or techniques made certification possible. 

certification. The total uncertainty is the sum, in 
quadrature, of estimates for each component of 
uncertainty. It is expected that the limits defined by 
the uncertainty estimate will cover the concentration 
in a minimum sample size of 250 mg for 95% of 
subsamples, with 95% confidence. The statistical 
evaluation of this SRM as well as others will be 
detailed in a future publication.” 

Figure 3 compares results obtained by individual 
techniques in the determination of certified values 
and uncertainties for calcium, titanium, and cad- 
mium. For calcium, in Fig. 3(a), agreement between 
all analytical methods was obtained, and the certified 
value fell within the uncertainties reported for all 
analytical methods. In Fig. 3(b), the ICP deter- 
mination of soluble titanium is included in the figure 
(but not in the certification) to show the degree of 
bias caused by the rutile (TiO,) left after the acid 
digestion. For the determination of titanium follow- 
ing acid digestion, the reason for technique bias was 
known and results based on acid digestion could be 
eliminated on a firm basis. For cadmium, in Fig. 3(c), 
one set of GFAAS data appears to be significantly in 
error, but the reason for the bias could not be found. 
In this example, the information from other laborato- 
ries using GFAAS, or from other analytical methods, 
was sufficient to allow elimination of the data from 
the biased method. Certification was then based on 
the remaining results. At the time of writing this 
paper, two elements, sulfur and strontium, could not 
be certified because of discrepancies between the 
results from different analytical techniques. 

Table 5 lists the uncertainties in the certified values 
for SRM 2704 and several other sediment reference 
materials issued since 1980. The uncertainties are 
presented as “per cent relative uncertainties” (%RU), 
which are derived from the equation 
(%RU = 100 x U/C), where U is the total range of 
the uncertainty (from lower to upper bound) and C 
is the certified value. The values of %RU given in 
Table 5 are the average %RU for the designated 
concentration range. The values of %RU should be 
viewed only qualitatively, since they are influenced by 
many variables such as sample homogeneity, element 
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Table 4. Noncertified values for constituent elements 

Element 

Chlorine 
Sulfur 

Content, % w/w Range, % w/w* Techniques? 

IC 
0.34-0.50 IGF, IC, XRF 

IGIg m/g 
Bromine (7) 5.67.6 IENAA (2) 
Cerium (72) 6677 INAA 
Cesium (6) W-6.2 INAA (2) 
Dysprosium (6) 5.4-6.2 INAA 
Europium (1.3) 1.1-1.4 INAA (2) 
Gallium 

‘ii; 
13-17 IENAA 

Hafnium 1.2-8.3 INAA 
Iodine (2) 1.2-2.4 IENAA 
Lanthanum (29) 27-3 1 INAA 
Lithium (50) 44-56 DCP 
Lutetium (0.6) OS-O.6 INAA 
Rubidium (lO@ 80-120 INAA, XRF 
Scandium (12) 11-13 INAA (2) 
Selenium (1.1) 1.0-1.2 HGAAS 
Samarium (6.7) 6.2-7.1 INAA 
Strontium (130) PO-162 XRF, DCP 
Tin (9.5) 9.3-9.7 ICP-IDMS 
Thorium (9.2) 8.4-10.0 INAA (2) 
Ytterbium (2.8) 2.3-3.3 INAA (2) 
Zirconium (300) 240-360 XRF 

*Range of reported values, including all uncertainty limits. 
tAnalytica1 technique(s) used. If more than one laboratory reported results for 

the same technique, the number of laboratories is noted in parenthesis. 

Table 5. Per cent relative uncertainty of certified elements in Sediment Reference 
Materials 

% Relative uncertainty!j 

SRM DOC* NC? >I000 pg/g 100-1000 ,ug/g l&100 pg/g < 10 pg/g 

MESS-l 1981 27 lO(11) 14 (3) 27 (7) 25 (6) 
BCSS- 1 1981 27 ll(11) 19(4) 24 (6) 26 (6) 
NIES-2 1982 13 13(5) i l(3) 21(4) 150) 
1645 19823 18 12 (7) 22 (3) 28 (4) 34 (4) 
1646 1982 16 9 (5) 10 (2) 17(7) 38 (9 
PACS-I 1987 28 7 (12) 9 (9) 13 (4) 15 (3) 
2704 1988 25 400) 8 (5) 10 (5) 160) 

*Date of certification and issue of material. 
tNumber of certified elements. 
8Number of elements certified in a certain concentration range is shown in parenthesis. 
tOrigina certification and issue data of SRM 1645 was 1978. A revised certificate was 

issued in 1982. 

concentration, number of elements certified, 
certification procedure, and method of calculation. 
Nevertheless, two major trends are apparent in the 
data set. 

First, the uncertainties increase as the certified 
concentrations decrease. The highest concentration 
range, greater than 1000 pg/g, represents mea- 
surements by classical analytical techniques capable 
of high precision and by instrumental methods used 
in high precision modes. Bias of individual techniques 
or laboratories and sample inhomogeneity contribute 
greatly to the uncertainty in this concentration range. 
As the constituent concentrations in these materials 
decrease, the uncertainty associated with reported 
values increases, since method bias caused by matrix- 
induced interferences and contamination makes 
larger cont~butions to the overall un~rtainty of the 
individual analytical techniques. At the lowest con- 

centrations, where the detection limits of the tech- 
niques are approached, random and systematic error 
due to fundamental instrument processes (e.g., shot- 
noise, scatter) become significant, and the number of 
useful techniques becomes limited. 

Second, the confidence limits for certified values at 
all concentration levels decrease by a factor of almost 
two for the newest sediment SRMs, such as SRM 
2704 and the Pacific Coast sediment (PACS- 1) issued 
by the National Research Council of Canada. This 
improvement at high concentrations can be attrib- 
uted to experience gained in the collection and pro- 
cessing of previous sediment materials as well as 
improved quality control and analytical procedures. 
At low concentrations, much of the improvement is 
due to the developments in analytical methodology 
for trace analysis that have occurred in the last 
decade. 
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Summary-A pulsed excimer-pumped dye laser was used to excite atomic fluorescence in a graphite tube 
electrothermal atomizer. A 60-Hz ac magnetic field was applied around the atomizer and parallel to the 
excitation beam, for Zeeman background correction. The correction system was found to degrade the 
detection limits for silver, cobalt, indium, manganese, lead, and thallium by a factor of between 1 and 
10. An increase in magnetic field strength, or a decrease in laser linewidth, should improve the detection 
limits, but was not possible here. For copper, the application of Zeeman background correction was 
unsuccessful because the instrumentation was unable to resolve the sigma components from the laser 
emission profile sufficiently during the background correction measurement. For elements that exhibit 
sufficient Zeeman splitting, the linear dynamic range was the same with or without background correction. 
Zeeman background correction was used to correct for scatter, in the resonance fluorescence deter- 
mination of manganese in a zinc chloride matrix and in mouse brain tissue. 

Electrothermal-atomizer (ETA) laser-excited atomic- 
fluorescence spectrometry (LEAFS) is currently one 
of the most sensitive techniques for the determination 
of metals.‘-5 For the elements that have been studied, 
ETA-LEAFS detection limits are 3-5 orders of mag- 
nitude better than flame-LEAFS, and up to 4 orders 
of magnitude better than ETA atomic-absorption 
spectrometry (ETA-AAS). In addition, the linear 
dynamic range of ETA-LEAFS is typically 5-7 
orders of magnitude. 

The use of Zeeman background correction for 
electrothermal-atomization, atomic-absorption spec- 
trometry (ZETA-AAS) is widely accepted, and 
several reviews have been pub1ished.68 The advan- 
tages of the Zeeman technique, compared to other 
background correction techniques, are that the back- 
ground correction measurement is made at the ana- 
lytical wavelength, and that only one radiation source 
is required. 

Three instrumental configurations are possible for 
applying the inverse Zeeman effect (field situated 
around the atom cell) to ETA-LEAFS in a tube 
furnace, and are the same as those appropriate for 
conventional excitation sources.9 An ac field can 
be placed parallel to the laser excitation beam, or 
an ac or dc magnetic field can be placed perpen- 
dicular to the laser excitation beam. For all 
three configurations, the background-correction 
measurement is made at the same wavelength as the 
atomic-fluorescence measurement. 

In the configuration used here, an ac magnetic field 
was positioned around the ETA, parallel to the laser 
excitation beam. In Fig. 1, the atomic energy levels 

*Author to whom correspondence should be sent. 

are shown for the “field off” and “field on” con- 
ditions, assuming that there is a normal Zeeman 
splitting pattern. When the field is off, analyte atomic 
fluorescence is collected, along with various possible 
background signals. When the field is on, the analyte 
atomic energy levels are split into sigma components 
that are displaced away from the laser excitation 
wavelength, and no analyte atomic fluorescence oc- 
curs. The background-corrected atomic-fluorescence 
signal results from subtraction of the “field on” signal 
from the “field off” signal.‘O 

The following discussion summarizes the sources 
of background in ETA-LEAFS with respect to the 
ability of the Zeeman effect to provide background 
correction. 

SOURCES OF BACKGROUND FOR ETA-LEAFS 

The most commonly reported sources of back- 
ground in LEAFS are scattered and stray laser 

1 

A 

6 
; 
5 

Field off Field on 

Fig. 1. Zeeman energy levels for an ac magnetic field parallel 
to the excitation beam. 
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radiation and black-body emission from the atom 
cell. Scattered radiation arises from sample matrix 
particles formed within the furnace during the atom- 
ization step. The stray radiation is laser light reflected 
into the monochromator from the various parts of 
the instrument. Atomic and molecular fluorescence 
from species other than the element of interest may 
also pose a background problem. 

Scattered laser radiation and black-body emission 

For resonance LEAFS, scattered or stray laser 
radiation appears to be the major source of back- 
ground in ETAs. For nonresonance LEAFS, stray 
light may be important when a wide-bandpass mono- 
chromator is used and the detection wavelength is 
relatively close to the excitation wavelength. Neither 
scatter nor stray light is dependent on the magnetic 
field strength. ZETA-LEAFS would be expected to 
correct for both. It has already been shown that 
Zeeman background-correction can correct for scat- 
ter in flame atomic-fluorescence spectrometry (AFS) 
when a conventional source of excitation is used.” 

For ETA-LEAFS, the magnitude of the black- 
body emission signal from the atomizer is dependent 
on the type of atomizer (cup, tube or rod), the 
temperature required for atomization and the wave- 
length of detection. ETA black-body emission can 
degrade the limit of detection at high atomization 
temperatures, and for detection of fluorescence in the 
visible region of the spectrum.4,s For tube ETAs, the 
amount of black-body emission reaching the detector 
can be reduced by carefully baffling the radiation 
emitted from the walls of the hot tube and imaging 
the center of the tube onto the slit of the mono- 
chromator.4,5 Black-body emission is unaffected by a 
magnetic field and therefore can be corrected for by 
ZETA-LEAFS.” 

Atomic Jltlorescence 

The common spectral overlaps of various atom 
lines have been studied in conventional-source AFS. 
The extent of a spectral overlap in LEAFS will 
increase with an increase in the laser linewidth over 
that of a hollow-cathode lamp (HCL) or 
electrodeless-discharge lamp (EDL). Weeks et al. I2 
reported a spectral interference in the resonance 
LEAFS determination of manganese in the presence 
of gallium. Both elements were excited at 403.3 nm in 
an air/acetylene flame by radiation from a dye laser 
with a 0.01 nm linewidth. This interference was 
circumvented by exciting the resonance transition for 
manganese at 403.1 nm. At this wavelength, a reso- 
nance transition for gallium does not occur. Direct 
atomic spectral overlaps cannot be corrected for by 
ZETA-LEAFS (or ZETA-AAS) because the tran- 
sition will be split away from the laser wavelength 
during the “field on” measurement and the mag- 
nitude of the signal will be different from the “field 
off” measurement. We have not yet studied any 

matrices that give rise to direct spectral overlaps for 
ZETA-LEAFS. 

h4olecular fluorescence 

Fujiwara et a1.l’ and Bonczyk et aLI4 have reported 
laser-induced fluorescence spectra of the common 
molecular species found in air/acetylene and nitrous 
oxide/acetylene flames. These species included OH, 
CH, C2 and CN. Other workers’5’7 have identified 
laser-induced molecular fluorescence spectra for vari- 
ous species formed in the flame after aspiration of 
solutions of metal salts into the flame. The species 
identified included metal chlorides, metal oxides and 
metal hydroxides. 

Molecular fluorescence should not be as prevalent 
for ETA-LEAFS as it is for flame-LEAFS, because 
atomization in the ETA occurs in an argon atmos- 
phere. However, the presence of small molecules in 
furnaces has been confirmed by absorption 
techniques’8-20 and it is possible that these molecules 
could exhibit laser-induced molecular fluorescence. 
Broadband molecular fluorescence is relatively 
unaffected by magnetic field strength and could be 
corrected for by ZETA-LEAFS. If the molecular 
spectra contain tine structure, then the situation 
becomes analogous to ZETA-AAS, where molecular 
interferences have been shown to interfere with 
Zeeman background correction.20 Molecular inter- 
ferences have not been studied for ZETA-LEAFS. 

Radiofrequency noise 

High-power, high-repetition rate, pulsed laser 
systems (such as excimer and copper vapor lasers) 
generate radiofrequency (rf) interference that can add 
to the background signal and noise levels in LEAFS. 
Rutledge et al. *’ showed several methods to correct 
and/or reduce the rf noise created by a high-repetition 
rate copper vapor laser. The rf noise produced by 
most laser systems can be reduced by properly shield- 
ing the laser and the detection electronics. Any 
remaining rf signal can be corrected for by 
ZETA-LEAFS because the magnitude of the signal 
would be the same for both the “field on” and “field 
off” measurements. A degradation in the detection 
limit for ZETA-LEAFS would be expected, however, 
from the noise component of the rf signal. 

ZETA-LEAFS 

We have already shown that ZETA-LEAFS can 
be used to correct for furnace black-body emission,iO 
which can be the major source of background in 
ETA-LEAFS when nonresonance fluorescence tran- 
sitions are used. In that paper, ZETA-LEAFS was 
used to correct for scatter and stray light for the 
resonance fluorescence determination of manganese 
in a zinc chloride matrix. ZETA-LEAFS was also 
used to determine manganese in mouse brain tissue. 
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EXPERIMENTAL 

ZETA-LEAFS instrumentation 
The details of the ZETA-LEAFS instrumentation have 

been given elsewhere, lo but are summarized here. The 
instrument used an excimer-pumped dye laser with capa- 
bility for frequency doubling. The laser was operated at a 
pulse repetition rate of 80 Hz. A small portion of the 
excimer laser beam was used to trigger a two-channel boxcar 
averager to process the fluorescence signals from a 
monochromator/photomultiplier tube (PMT)/pre-amplifier 
assembly placed at right angles to the laser excitation beam. 
Each channel of the boxcar was operated at 40 Hz to collect 
the “field off” and “field on” signals alternately. We have 
published a summary of our laser operating parameters and 
atomic transitions.’ The laser power was sufficient to satur- 
ate the copper, indium, lead, and thallium transitions. The 
dye laser radiation was frequency-doubled for all the ele- 
ments tested, except indium and thallium. 

Details of the furnace atomizer have been described 
elsewhere.4 Furnace tubes were fabricated from POCO 
AXF-5Ql graphite, and were 8 mm long, with an outside 
diameter of 9.6 mm and a wall thickness of 1 .O mm. A 4-mm 
diameter hole was drilled through the wall of the tube to 
allow laser radiation to pass through at a right angle to the 
bore of the tube. A lo-p1 sample aliquot was atomized from 
the wall of the furnace tube, and the fluorescence emitted 
along the axis of the tube was measured. 

An ac electromagnet, with a variable field strength of up 
to 13 kG was used to split the atomic transition into its 
Zeeman components.‘O 

The “field off” and “field on” signals were separately 
processed by a boxcar averager, and their difference could 
be obtained by the boxcar to provide the background- 
corrected atomic-fluorescence measurement. The “field 
Off” signal was comprised of the analyte atomic 
fluorescence + background. The signal in this channel of the 
boxcar was the usual ETA-LEAFS measurement. The 
“field on” signal was comprised ideally of background only, 
but could also arise from sigma-component atomic 
fluorescence if the sigma components were not far enough 
removed from the laser excitation profile. The corrected 
signal was the result of subtraction of the “field on” signal 
from the ‘Yield off” signal. Any of the three boxcar signals 
could be processed by the computer, which calculated both 
peak area and peak height of the furnace signal. Peak area 
data were used exclusively.” 

Limits of detection and calibration cuwes 
The limit of detection was determined by extrapolation of 

the calibration curve to a signal level equal to three times 
the standard deviation of 16 measurements of the blank. For 
elements where the environmental contamination level was 
high, the measurement of the blank noise was performed 

with the laser tuned first to the analytical wavelength and 
then to a wavelength approximately 0.1 nm away from the 
analytical wavelength. The first measurement gave rise to a 
detection limit degraded by the additional noise present 
from the blank signal. The second measurement was 
indicative of the detection limit possible if the source of 
environmental contamination were controlled. 

The calibration curves were constructed by using a com- 
bination of PMT voltages and neutral density filters.” The 
solutions used to determine the detection limits and linear 
ranges were prepared daily, in a class 100 clean-air environ- 
ment, by serial dilution of a I-mg/ml standard. A medium 
of 0.04M nitric acid in demineralized water was used. 

ZETA-AAS conditions 
Manganese was determined with a commercial 

ZETA-AAS instrument for comparison with 
ZETA-LEAFS. A Perkin-Elmer Zeeman 5000 AAS instru- 
ment was used with an HGA-500 furnace controller and an 
AS-40 autosampler. Magnesium nitrate (50 pg) was used as 
the matrix modifier. A 20-~1 sample was atomized from a 
L'VOV platform at a temperature of 2200”. The manganese 
absorption transition at 279.5 nm was used, with a spectral 
bandpass of 0.7 nm. Further details of the AAS method 
have already been given.** 

RESULTS AND DISCUSSION 

Detection limits and precision 

Table 1 contains a comparison of detection limits 
for ZETA-LEAFS and ETA-LEAFS, made with the 
same ETA system, as well as a comparison with the 
best reported ETA-LEAFS values. A comparison 
with the ETA-AAS detection limits published by 
Slavinz3 also appears in Table 1. The use of Zeeman 
background correction degraded the detection limits 
by factors of l-10 relative to those for ETA-LEAFS. 
The magnitude of the ZETA-LEAFS signal was 
dependent on the Zeeman splitting, the laser line- 
width, and the atomic spectral profile. For the ideal 
case, the only signal in the “field on” channel of the 
ZETA-LEAFS instrument would be background. 
When the atomic transition did not exhibit sufficient 
splitting, a signal arose in the background channel 
from analyte atomic fluorescence of the sigma com- 
ponents that overlapped the laser emission profile. 
The overlap became worse if the laser emission profile 

Table 1. Comparison of detection limits 

Limits of de&ion, pg 

ETA-LEAFS ZETA-LEAFS 

Element On-line Off-line On-line Off-line ETA-LEAFS (Ref.) ETA-AAS*” 

Ag 0.02 0.2 0.008 (5) 0.8 
co 0.3 0.7 0.06 (1) 3 
cu 0.6 t 0.2 (1) 1 
In 0.02 0.04 0.08 (5) 13 
Mn 0.4 0.1 1 0.08 (5) 1 
Pb 0.2 0.01 0.2 0.01 0.002 8 
Tl 0.1 0.5 0.0007 15 

*The reported values were two times the standard deviation of the blank noise, and for comparison are 
corrected here to three times the standard deviation of the blank noise. 

tCould not be measured, see text. 
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was broad, or if the sigma component atomic spectral 
profile was broad.” 

The ZETA-LEAFS detection limits were expected 
to be somewhat inferior to the ETA-LEAFS de- 
tection limits because the boxcar repetition rate 
for the ZETA-LEAFS analyte signal channel was 
40 Hz, instead of the 80 Hz used for ETA-LEAFS. 
The ZETA-LEAFS background signal was also 
measured at 40 Hz repetition rate. This led to poorer 
sampling statistics and hence poorer analytical pre- 
cision. The precision of the ZETA-LEAFS 
measurements was found to be 30% RSD for 10 
successive atomizations of 100 pg of cobalt. The 
precision of ETA-LEAFS measurements made under 
similar conditions was 13% RSD.” The precision of 
thallium ZETA-LEAFS signals was 20% RSD. The 
improvement for thallium probably occurred because 
the thallium transition was saturated, whereas the 
cobalt transition was not. Under saturation con- 
ditions, pulse to pulse fluctuations in the laser power 
have only a minor effect on the resultant signal, 
because the fluorescence is only slightly dependent on 
laser power. In contrast, for unsaturated transitions, 
the fluorescence signal is linearly dependent on laser 
power. The relative standard deviation of the pulse 
to pulse power fluctuations for the laser used was 
approximately 10%. 

The detection limits for indium, lead, and thallium 
were obtained under saturation conditions. The 
ZETA-LEAFS detection limit for indium is better by 
a factor of 2 than that reported previously for 
ETA-LEAFS, whereas the lead detection limit is a 
factor of 5 worse than the best reported value. It is 
difficult to compare the thallium detection limit with 
literature values because it was obtained by using the 
377 nm/535 nm (excitation wavelength/fluorescence 
detection wavelength) transition, different from that 
generally used in the literature reports (276 nm/353 
nm). It was assumed that the literature detection limit 
quoted here was obtained by using the more sensitive 
transition, but this was not stated in the report.’ We 
have since improved upon the ETA-LEAFS thallium 
detection limit by a factor of 17 (decreasing it from 
0.1 pg to 0.006 pg) by using the more sensitive 
transition.25 The ZETA-LEAFS detection limits for 
indium, lead, and thallium were better than the 
ETA-AAS values by factors of 325, 800, and 30, 
respectively. 

The application of Zeeman background correction 
to nonresonance LEAFS of copper was unsuccessful 
because of the incomplete splitting of the sigma 
components away from the emission profile of the 
laser at a field strength of 12 kG.24 A narrower laser 
linewidth or a larger magnetic field (i.e., wider split- 
ting of the sigma components) should allow Zeeman 
background correction to be used for ETA-LEAFS 
of copper. 

Although the quantum states for the silver and 
copper transitions were identical, and the laser line- 
width was the same, the loss in sensitivity for 

ZETA-LEAFS of silver was not as severe as it was 
for copper. A large atomic-fluorescence signal was 
measured in the “field on” channel for silver, owing 
to the sigma components, but this signal was smaller 
than the one measured for copper because the atomic 
spectral profile for silver was somewhat narrower. 
This meant that the sigma component overlap was 
smaller for silver than for copper. A detection limit 
of 0.2 pg of silver was obtained for ZETA-LEAFS. 
The detection limit was a factor of 10 poorer than for 
ETA-LEAFS. 

Stray light was a more serious problem for the 
ZETA-LEAFS determination of manganese by res- 
onance fluorescence, than for ETA-LEAFS, because 
the ac electromagnet caused the furnace assembly to 
move when a 12-kG field was applied. Movement of 
the graphite tube caused the laser beam to be reflected 
from the sides of the laser ports into the mono- 
chromator, which added to the noise level of the 
blank measurements. The movement was due to the 
magnetic field generated by the current passing 
through the furnace assembly. This movement was 
not as serious a problem for nonresonance 
ZETA-LEAFS because stray light was usually not 
the limiting noise source. The detection limit for 
resonance ZETA-LEAFS of manganese, at 279.5 
nm, was 1 pg, which is considerably worse than for 
ETA-LEAFS but the same as for ETA-ASS. 

Choice of excitation transition for ZETA-LEAFS 

The use of a tunable laser for excitation offers the 
possibility of using alternative atomic transitions for 
ZETA-LEAFS, unlike use of conventional radiation 
sources which cannot be wavelength tuned. As shown 
above, the use of Zeeman background correction 
may degrade the detection limit if the sigma com- 
ponent splitting is poor. In these cases, another 
transition might be used that exhibits better Zeeman 
splitting. The principle of alternative line selection for 
ZETA-LEAFS is described below for manganese. 

The laser linewidth used to excite manganese at 
279.5 nm was approximately 0.003 nm, and there was 
a significant overlap of the sigma components with 
the laser emission profile when Zeeman background 
correction was applied. This overlap produced a 
fluorescence signal, when the magnetic field was 
applied, that was 50% of the fluorescence signal in 
the absence of the magnetic field, leading to a 
significant degradation in the detection limit. The 
degradation resulted not only from the 50% signal 
loss, but also from the additional noise incurred by 
the poorer sampling statistics of ZETA-LEAFS. 

The Zeeman splitting patterns for the three man- 
ganese transitions that occur near 280 nm are shown 
in Fig. 2. The splitting patterns were calculated with 
assumption of Russell-Saunders coupling.6 A field 
strength of 11.7 kG was used in the calculations. In 
the figure, the upper profiles are the convolution of 
the analyte atomic spectral profile and the laser 
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Fig. 2. Zeeman splitting patterns for Mn. The convolution 
of the laser emission profile and atomic spectra profile is 
shown along with the (inverted) calculated sigma com- 
ponent splitting pattern. (a) 279.5 nm (*S512-6P,12), (b) 279.8 

nm (6S,,,-6P5,,), (c) 280.1 nm @,,$‘P,,,). 

linewidth, measured with the field off.” The calcu- 
lated sigma component profiles are shown inverted 
for clarity. From the figure it would be concluded 
that the best Zeeman splitting occurs at the 279.8 nm 
transition, which is accessible with the laser dye used 
for 279.5 nm. 

The 279.8 nm transition produced a “field on” 
~uore~nce signal that was only 6% of the 
fluorescence signal when the field was off. Excitation 
of the resonance atomic transition at 279.8 nm pro- 
duced LEAFS signals approximately 20% smaller 
than those produced from the more sensitive 279.5 
nm transition, (The sensitivity difference was deter- 
mined by measuring the LEAFS signal for a 1 pgfml 
manganese standard in an air/acetylene flame with a 
laser power of 2 pJJ/pulse.) In this case, an im- 
provement in the detection limit would be expected 
with excitation at 279.8 nm rather than 279.5 nm, 
because of better Zeeman splitting, even though the 
279.8 nm transition is less sensitive. We did not 
measure the detection limit at 279.8 nm, but the “field 
off” noise level would be expected to be identical to 
that measured at 279.5 nm, while the “field on” noise 
level would be less. The linear dynamic range would 
also be expected to improve because the onset of 
sigma component overlap from broadening of the 
atomic spectral profile would be expected to occur at 
a higher concentration for the 279.8 nm transition. 
The effect of atomic spectral profile broadening on 
the linear dynamic range is discussed below. 

It is interesting to note that, if the fluorescence 

transition is saturated, this does not mean that the 
excitation of the sigma components, by overlap with 
the laser emission spectral profile, will also be satur- 
ated. This is because the absorption coefficient is 
relatively small in the wings of the sigma ~om~nent 
profite. Hence, an increase in laser power will increase 
the “field on” fluorescence of the sigma components 
to a greater extent than the “field off” fluorescence at 
the saturated analytical line. This extra sigma com- 
ponent fluorescence will be subtracted from the “field 
off” signal and the detection limit will be degraded. 
To minimize the relative cont~bution of the sigma 
component fluorescence, it is prudent to use the 
minimum laser power required to saturate the tran- 
sition. Doing this also minimizes the signal and 
noise contributions from scatter and stray light 
backgrounds. For the manganese data reported 
above, the transition was not saturated, and so these 
considerations did not apply. 

Linear dynamic range 

The ZETA-LEAFS calibration curve for cobalt 
was linear (within IO%), with a relative slope of 1, for 
5.5 orders of magnitude from the detection limit, and 
started to curve at 100 ng (10 ~g/ml).‘” For indium, 
lead, and thallium, the linear range was 6 orders of 
magnitude. The calibration curves for indium and 
lead started to curve at approximately 10 ng (1 
~g/ml). The thallium ZETA-LEAFS calibration 
curve was linear up to 100 ng (10 rgjml). The 
ZETA-LEAFS linear dynamic ranges for cobalt, 
indium, lead, and thallium were the same as the linear 
dynamic ranges obtained for ETA-LEAFS 

Zeeman background correction decreased the lin- 
ear portion of the calibration graph for silver from 
5.5 to 3.5 orders of magnitude. At high concen- 
trations, the atomic spectral profile broadened owing 
to a combination of pre- and post-filter effects, and 
self-absorption. x The broadening of the sigma com- 
ponent spectral profile increased the signal in the 
“field on” channel, causing more curvature, at 
high concentrations, for ZETA-LEAFS calibration 
graphs compared to ETA-LEAFS calibration 
graphs. For most elements, the onset of this effect 
occurs at concentrations above the linear range of 
ETA-LEAFS. For silver, however, the sigma com- 
ponent overlap with the laser emission line was 
relatively large even at low concentrations. Therefore, 
the curvature caused by sigma eminent line- 
broadening occurred at a relatively low concen- 
tration. A more detailed discussion of the factors 
affecting the linear dynamic range for ZETA-LEAFS 
has been given elsewhere.24 

Inverse ZETA-LEAFS 

The ZETA-LEAFS calibration graph for silver 
was extended by an extra order of magnitude before 
the onset of curvature, by measuring the “inverse” 
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ZETA-LEAFS signal as follows. For “normal” 
ZETA-LEAFS, the laser was tuned to the analytical 
wavelength. The analyte atomic-fluorescence signal 
was measured while the magnetic field was off, and 
the background was measured while the field was on. 
For “inverse” ZETA-LEAFS, the analyte atomic 
fluorescence was measured while the field was on, by 
tuning the laser towards the sigma component ab- 
sorption maximum. This allowed the background to 
be measured while the field was off, because analyte 
atomic fluorescence no longer occurred at the laser 
wavelength. 

In Fig. 3, a plot of the silver fluorescence signal us. 
excitation wavelength in the vicinity of the absorp- 
tion profile, with and without the application of the 
magnetic field, is shown. Each point on the figure 
represents a single furnace atomization obtained after 
shifting the laser excitation wavelength away from 
the analytical wavelength by 3-pm increments. The 
maximum difference between the “field off” and 
“field on” signals occurred at the center of the 
absorption profile (labelled 0 in the figure). This is the 
analytical wavelength, where normal ZETA-LEAFS 
measurements were made. When the laser was tuned 
about 9 pm away from the center of the absorption 
profile, the “field on” signal became significantly 
larger than the “field off” signal. At this point, the 
“field off” analyte atomic spectral profile approached 
the baseline, and the “field on” sigma component 
atomic spectral profile was near its maximum. Cali- 
bration graphs were constructed for both normal and 
inverse ZETA-LEAFS, at the two wavelengths (0 
and 9 in the figure) and are shown in Fig. 4. For the 
inverse ZETA-LEAFS calibration graph, measured 
at 9 pm from the line center, the signal was measured 
as “field on” minus “field off”, the inverse of the 
normal ZETA-LEAFS signal which is measured as 
“field off” minus “field on”. The calibration graph 
for normal ZETA-LEAFS starts to curve before the 
inverse ZETA-LEAFS graph does, owing to the 
differences in the extent of overlap of the sigma 
components with the laser emission profile. For 
ZETA-LEAFS, a large sigma component atomic- 
fluorescence signal was observed in the background 
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Fig. 3. Excitation wavelength Scans for silver, (0) without 
application of a magnetic field, (A) with an applied field of 

12 kG. 
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Fig. 4. The upper range of the ZETA-LEAFS calibration 
curves for Ag (0) measured with laser tuned to the reso- 
nance wavelength (328.1 nm), and (A) with laser tuned 9 

pm away from the resonance wavelength. 

channel at low concentrations. The sigma component 
fluorescence signal increased further as both sigma 
components began to broaden and overlap the laser 
emission profile from both sides of the analytical 
wavelength. For inverse ZETA-LEAFS, the 
fluorescence signal in the background channel in- 
creased because of the broadening of the “field off” 
absorption profile. This signal was minimized by 
tuning the laser to as far from the central wavelength 
as possible. 

Inverse ZETA-LEAFS could be used to extend the 
calibration curves for those elements for which the 
Zeeman splitting is marginal, and a narrow laser 
linewidth or larger field strength is unavailable. 
Alternatively, normal ZETA-LEAFS could be used 
with a narrower linewidth to reduce the overlap of the 
sigma components with the laser emission profile. In 
addition, a stronger magnetic field could be used to 
split the sigma components further away from the 
laser emission profile. The signal magnitude for in- 
verse ZETA-LEAFS would be decreased by at least 
a factor of 2 relative to ETA-LEAFS because, the- 
oretically, each sigma component absorbs only half 
as much radiation as the analyte does in the “field 
off” channel of normal ZETA-LEAFS. For anoma- 
lous transitions a further reduction in the signal size 
may result from sigma component splitting. Detailed 
experiments were not performed to assess the utility 
of inverse ZETA-LEAFS for sample analysis. 

Correction for furnace black-body emission 

We have shown that ZETA-LEAFS corrects for 
furnace black-body emission, which was the main 
source of background in the nonresonance 
fluorescence determination of cobalt.1° Here, furnace 
black-body radiation was also the major source of 
noise for the nonresonance fluorescence deter- 
mination of indium, lead, and thallium, and was 
corrected by ZETA-LEAFS. 

Correction by ZETA-LEAFS for scatter 

ZETA-LEAFS resonance fluorescence, at 279.8 
nm, was used to determine manganese in a 1 mg/ml 
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Table 2. Determination of manganese by ZETA-LEAFS 

Calibration method Sample matrix Mn,* ng/ml RSD, % 

1.57 

ZETA-AAS Aqueous calibration 
ZETA-AAS Standard additions 
ZETA-LEAFS Aqueous calibration 
ZETA-AAS Aqueous calibration 
ZETA-LEAFS Standard additions 

*Mean & standard deviation. 

ZnCl, 
ZnCl, 
ZnCl, 
Mouse brain 
Mouse brain 

4.8 It 0.1 2 
5.1 _+ 0.t 
5.0 + 1.5 3: 
1.6kO.l 
1.9kO.4 206 

zinc chioride solution. The resuhs are compared in 
Tabie 2 with results obtained with ZETA-AAS. 

A signal from scattered radiation was measured by 
ETA-LEAFS when a zinc chloride solution was 

I I I I 1 I 
-0.3 -0.2 - 0.1 l279.91 0.1 0.3 0.3 

Relative wavelength (nm) 

Fig. 5. Scatter signal as a function of excitation wavelength 
for a lo+ aliquot of a I me/ml solution of ZnCl,. The error 
bars represent 1 standard deviation of the measurement. An 
ETA-LEAFS atomic spectral profile for 50 pg of Mn is 

shown for comparison, 

analyzed. The scattered radiation appeared to be 
independent of the laser excitation wavelength. 
Figure 5 shows the scattered radiation on analysis of 
10 ~1 of a I-mg/ml zinc chloride solution, measured 
at several different laser excitation wavelengths in the 
vicinity of the manganese 279.8 nm line. Three fur- 
nace atomizations were made for each wavelength 
increment and the error bars in the figure represent 
f 1 standard deviation of the scatter signal measured. 
The precision of the scatter measurements is poor, 
but the signal is essentially constant across the wave- 
length range. Also shown in the figure is the approxi- 
mate atomic spectral profile for 50 pg of Mn. 

ZETA-LEAFS was used to correct for the scat- 
tered radiation caused by the zinc chloride matrix. 
Aqueous manganese standards were used to deter- 
mine the manganese present in this matrix. The 
furnace signals for the sample are shown in Fig. 6. 
The “field on” signal was primarily the scattered 
radiation caused by the matrix. The “geld off” 
measurement consisted of scattered radiation and 
manganese atomic fluorescence. The corrected signal 
(“field OK” - “field on”) consisted of the manganese 

Fiskd on Field off Corrected 
signal 

Fig. 6. ZETA-LEAFS furnace signals for 5-ng/ml Mn in a l-mg/ml &Cl, matrix. The “field on” signal 
is mostly due to scatter. The “field off” signal is analyte atomic fluorescence + scatter. The subtraction 

of the “field on” signal from the “field off” signal results in the corrected signal. 
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Acid blank Mouse brain Brain + Aqueous 

lOng/mlMn lOng/mlMn 

t/2.5) t/2.51 

Fig. 7. ZETA-LEAFS furnace signals for the determination of Mn in mouse brain tissue. 

atomic fluorescence only. The noise of the corrected 
signal was worse than that of the other two signals 
because of the poorer sampling statistics for 
ZETA-LEAFS compared to ETA-LEAFS. The sig- 
nal caused by scatter was approximately of the same 
magnitude as the analyte fluorescence signal. The 
“background-corrected” signal was evaluated by 
means of a calibration graph constructed by use of 
aqueous manganese standards. The results agreed 
well with those obtained by ZETA-AAS analysis of 
the same sample (Table 2). For ZETA-AA& both 
aqueous calibration and the method of standard 
additions were used to determine the concentration of 
manganese in the sample, with similar results for both 
approaches. 

Determination of manganese in mouse brain tissue 

ZETA-LEAFS was also used to determine man- 
ganese in a mouse brain matrix. Each whole mouse 
brain was digested in nitric acid according to a 
procedure used before. 22 For ZETA-LEAFS, the 
furnace conditions for the determination of man- 
ganese in the mouse brain matrix were not rigorously 
optimized. The furnace used for ZETA-LEAFS did 
not have temperature feedback, which precluded the 
use of a L’vov platform. ZETA-LEAFS furnace 
signals obtained in the determination of manganese 
in mouse brains are shown in Fig. 7. The signal for 
the mouse brain sample plus a IO-ng/ml standard 
addition of manganese was smaller than that ob- 
tained for the IO-ng/ml aqueous manganese standard, 
owing to vapor phase interferences, and the method 
of standard additions was required for the deter- 
mination of manganese in mouse brains by 
ZETA-LEAFS. The same types of interferences 
occur in ZETA-AAS, and were minimized here by 
the use of a rapidly heated furnace, platform 
atomization, and matrix modifiers.22 Matrix 
modifiers were not used for ZETA-LEAFS. The 
results of the standard-additions ZETA-LEAFS 
analysis (Table 2) agreed well with those obtained by 
ZETA-AAS. 

CONCLUSION 

ZETA-LEAFS has been shown to correct for 
background for the nonresonance fluorescence deter- 
mination of cobalt, indium, lead, and thallium in 
aqueous solutions, and for the resonance fluorescence 
determination of manganese in aqueous solution, a 
zinc chloride matrix, and in mouse brain tissue. 

The degradation of the detection limit by a factor 
of l-10, in comparison to ETA-LEAFS, is somewhat 
worse than the results obtained for ETA-AAS.27 For 
ETA-ASS the detection limit is degraded by approx- 
imately a factor of 2-3 for most elements. This was 
not considered here to be a significant detraction 
from the ZETA-LEAFS technique, because the de- 
tection limits could be improved by the use of a laser 
with a narrower linewidth, or by the application of a 
greater magnetic field strength. For ETA-ASS, a 
magnetic field strength of 8 kG is sufficient to split the 
sigma components away from the HCL or EDL 
emission profile.27 For ZETA-LEAFS a field strength 
of 12 kG was not able to split the sigma components 
far enough away from the laser emission profile for 
some elements (e.g., silver, copper). A field strength 
of approximately 16 kG would be required to accom- 
plish this. Alternatively, the use of intracavity 
diffraction gratings to narrow the laser radiation to 
<0.002 nm would reduce the field strength require- 
ments. 

The linear calibration range for ZETA-LEAFS 
does not suffer, in ccomparison to ETA-LEAFS, for 
elements that exhibit sufficient Zeeman splitting. For 
ZETA-AA& the use of Zeeman background cor- 
rection causes “rollover” of the calibration curves. In 
ETA-ASS, the linear calibration range is approxi- 
mately 2-3 orders of magnitude. Zeeman background 
correction can decrease the linear range.2a 

The benefits of using an atomizer with temperature 
feedback and the L’vov platform for ZETA-LEAFS 
should be similar to those obtained for ZETA-AAS, 
for the analysis of complicated sample matrices. The 
current ZETA-LEAFS system is being modified to 
study matrix effects and backgrounds in more detail. 
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Snmmary-Capillary-electrophoresis methods are attracting interest owing to the ability to yield rapid 
high-resolution separations, but many aspects, such as sample injection, separation conditions and 
detection, need further development. Effects related to sample injection and buffer composition have been 
investigated. Automated methods for el~tromigration injection of t&size sample volumes are shown to 
give a precision of approximately f 1%. Problems encountered with manual injection procedures have 
been examined by an electric field reversal technique. The effect of buffer pH on capillary zone- 
electrophorcsis (CZE) separations can be attributed to changes in electro-osmotic flow velocities and to 
changes in the isoelectric points of analytes. The interfacing of capillary electrophoresis with mass 
spectrometry is described and demonstrated for a range of conditions, with a quatemary phosphonium 
salt mixture. Separations obtained by CZE and capillary isotachophoresis are compared and the relative 
advantages of the two techniques discussed. 

Capillary electrophoresis consists of a set of 
micro-scale analytical separation methods, including 
capillary zone electrophoresis (CZE), isotacho- 
phoresis, isoelectric focusing and electrokinetic 
chromatography (the last is considered a chro- 
matographic method, since it involves partitioning of 
the analyte with an el~tropho~ti~lly migrating 
micellar phase). 

Capillary zone electrophoresis is a form of free 
zone electrophoresis conducted in small diameter 
capillaries and capable of ultrahigh-resolution 
separations’ based on differences in the electro- 
phoretic mobilities of the analytes. CZE can be used 
for compounds of quite high molecular weight. The 
apparatus is easily assembled and separations in- 
volving more than lo6 theoretical plates have been 
achieved in less than 20 min.” The electro-osmotic 
flow of the buffer medium makes CZE an elution 
technique which resembles chromatography, al- 
though the use of capillaries filled with gels is also 
feasible.5 Thus CZE provides high-resolution sepa- 
rations and selectivities which can be manipulate by 
changing the electrophoretic medium (typically the 
pH and the buffer composition), as well as by utiliz- 
ing the equilibria with electrophoretically migrating 
micellar phases. CZE is applicable to broad 
compound-classes and limited only by the necessity 
for adequate solubility and a non-zero net electro- 
phoretic mobility. It is restricted to use of very 
narrow capillaries (generally < 150 pm i.d.) to sup- 
press convection caused by a radial temperature 

gradient from Joule heating in the electrophoretic 
medium. The nearly flat flow-profile provided in the 
capillary by the electro-osmosis allows high sepa- 
ration efficiencies to be realized. 

In this article we describe the results of experiments 
which demonstrate the operating conditions and per- 
formance of CZE. In particular, we deal with aspects 
of sample injection, the effect of buffer pH on separ- 
ations, and some of the conditions necessary to 
obtain high efficiency separations. We also briefly 
consider the demands on detection in CZE. The 
CZE-MS combination developed in our laboratory, 
based on an electrospray ionization interface, is 
described. Finally, results obtained by using 
CZE-MS and capillary isotachophoresis-MS are 
compared and contrasted to illustrate the po- 
tentially important role of the latter method for many 
applications. 

EXPERIMENTAL 

Several different CZE inst~mental a~~gements were 
utilized for this research, the main difference being in the 
detector. CZE was conducted by use of a fused-silica 
capillary with automated electro-osmotic sample intro- 
duction at the high-potential electrode (the anode in most 
cases). The automated injection allowed precise intro- 
duction from small-volume vials containing the sample of 
interest. The apparatus used a Spellman high-voltage power 
supply capable of producing & 100 kV and an electronically 
controlled automated injection device located in a “Plexi- 
glas” box equipped with safety interlocks to prevent contact 
of the user with high voltage. The electronically timed 
elcctro-osmotic injections (at 9 kV) could be varied from 0.1 
to 30 sec. The fused-silica capiliary (100 pm i.d., 1.5 m 
length) was filled with the CZE buffer (various pH values) 
and inserted in the buffer reservoirs both inside and outside *Author for correspondence. 
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Fig. 1. Schematic illustration of the instrumentation for combined capillary electrophoresis-mass 
spectrometry. 

the high-voltage region. Electrical contacts were made 
with the high voltage and ground potentials by means of 
platinum electrodes. 

A laser-based fluorescence detection system for CZE 
provided detection limits in the attomole to subattomole 
range for suitable compounds. An HeCd laser (Liconix 
424ON, 10 mW with 325 nm optics), with appropriate lenses 
and filters, provided an excitation beam focused onto the 
bare portion of the fused silica column. The fluorescence 
emission was filtered by using appropriate cut-off and 
band-pass optics and focused onto a high efficiency Centro- 
nix photomultiplier tube. In addition, more conventional 
CZE arrangements with a fluorescence (McPherson FL-748 
spectrofluorometer) or UV absorption (ISCO V’) detector 
modified for on-column appli~tion were used. The detector 
cell length was -0.8 mm for fluorescence and 1.0 mm for 
UV detection, corresponding to cell volumes of 6.3 and 
7.9 nl, respectively. 

The instrumentation for CZE-MS with an electrospray 
ionization (ESI) inferace has been described in detail else- 
where. 6.7 Operation of CZE with ES1 requires an un- 

interrupted electrical contact with the electro-osmotically 
eluting liquid at the capillary terminus. The electrical con- 
tact for the buffer at the low-potential (detection) end of the 
capillary was through a sheath of liquid, generally methanol 
or 2-propanol. This electrical contact also served to define 
the ES1 voltage and was typically in the range 3-S kV. The 
ES1 focusing electrode was typically at + 300 V (for positive 
ion ovation). A nozzle-skimmer bias of 8tKlSO V was 
found to give optimum performance. 

Figure 1 shows a schematic illustration of the CZE-MS 
instrumentation. Figure 2 gives a detailed view of one 
version of the liquid-sheath electrode and ES1 interface. A 
precise pulse-free liquid flow for the sheath electrode was 
provided by a small syringe pump (Sage Instruments, Model 
341B). The sheath electrode liquid allows the com~sitions 
of the electrosprayed liquid to be controlled inde~ndently 
of the CZE buffer, affording operation with buffers which 
could not be used previously (e.g., aqueous and high ionic 
strength buffers).s The interface operation is independent of 
the CZE flow-rate. CZE capillaries are easily replaced and 
require no additional preparation. Since the electrospray 
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Fig. 2. Detailed schematic illustration of the electrospray ionization interface for capillary electrophoresis 
with mass spectrometry. A small-volume syringe pump is used to produce a liquid sheath electrode (ES1 

buffer). 
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occurs directly from the CZE capillary terminus, additional 
mixing volumes and metal surfaces are avoided and the 
electrophoretic efficiency appears unperturbed. The dead 
volume associated with the electrospray interface is < 10 nl, 
corresponding to a time of co.1 set for typical flow-rates 
of the sheath electrode liquid.* 

Ions created by the ES process were sampled through a 
OS-mm orifice (nozzle) into a region mechanically pumped 
at 50 l./sec by a single-stage Roots blower. The ions entering 
this region were sampled through a 2-mm diameter skimmer 
orifice located 0.5 cm behind the nozzle orifice. Ions passing 
through the skimmer enter a radiofrequency focusing quad- 
rupole. This region is differentially pumped with a specially 
designed ~ybold-Heraeus cryopump, consisting of a stan- 
dard compressor and cold head with a custom-built cylindri- 
cal second stage baffle (cooled to _ 14 K) which encloses the 
quadrupole and provides an effective pumping speed of 
r30000 l./sec for N1. The analyzer quadrupole chamber 
was pumped at 500 I./WC with a turbomolecular pump. A 
single ion lens with a O.&Gcm aperture separated the ion 
focusing and analysis quadrupole chambers. The pressures 
in the focusing and analysis chambers were _ 1 x IOe6 and 
2 x lo-’ torr, respectively. The countercurrent flow of 
nitrogen (at -70”) for desolvation of the electrospray was 
in the range 36 l./min. The mass spectrometer (Extrel 
Corp., Pittsburgh, PA) had an upper limit of m/z = 2000.6.7 

RESULTS AND DISCUSSION 

Sample injection 

The two widely practiced methods for injection in 
CZE involve either electromigration by means of a 
combination of electrophoresis and electro-osmosis, 
or hydrodynamic flow, induced most precisely by 
having the sample reservoir higher than the terminal 
buffer reservoir. The electromigration method is par- 
ticularly simple; the buffer-filled capillary is placed in 
the sample vial, high voltage is applied briefly, the 
buffer reservoir is replaced, and high voltage is 
applied to separate the sample components by the 

I i I I I I I I I I I I 
10 15 

Time (mid 

Fig. 3. Illustration of peak tailing due to a poor manual 
injection. Reversal of the electric field polarity at 12.8 min 
results in passage of the sample band through the UV 
detection region for a second time, producing of near 

“mirror image” of the peak. 

differences in their electrophoretic mobilities. How- 
ever, manual injections can result in poor precision 
and injection artefacts. Figure 3 shows an example of 
peak “tailing” which resulted from poor injection 
rather than other phenomena which might normally 
be suspected (such as adsorption on capillary sur- 
faces, which can result in similar peak profiles). The 
origin of the peak tailing shown in Fig. 3 was 
confirmed by reversal of the electric field at 12.8 min 
so that the direction of electro-osmotic flow was 
reversed. This caused the sample component to mi- 
grate past the detector a second time, resulting in a 
near “mirror image” of the first observation. Peak 
tailing due to adsorption, if important, would have 
resulted in a more symmetrical peak for the second 

Fig. 4. Example of injection-to-injection reproducibility obtained with automated electromigration 
injection. 
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observation. However, the tailing in this case is 
clearly revealed as an injection artefact. 

40 kV, pH 0.? 
IOOcm x lOO#m 1.d. 

In contrast to manual injection, automated electro- 
migration injection can be both precise and accurate. 
Our experiments have indicated that the injection 
process requires gentle handling of the capillary 
(avoiding rapid changes in direction for any capillary 
movements), a smooth and flat capillary end, and 
well filtered samples in containers having the same 
height as the terminal (ground) reservoir. Figure 4 
shows the excellent reproducibility typically obtained 
for separations with our automated electromigration 
injections (1.1% relative standard deviation, 10 injec- 
tions). This is rather better than the 4.1% standard 
deviation recently reported by Rose and Jorgenson9 
for automated electromigration methods. Rose and 
Jorgenson also reported precision of 2.9% for hydro- 
dynamic injection and 13.4% for manual electro- 
migration injection. 

It is important to realize the electromigration 
injection is subject to two well characterized discrimi- 
nation effects which must be taken into account to 
determine the actual sample size injected. First, if the 
sample conductivity is less than that of the buffer, a 
larger sample will be injected for ionic components 
than would be the case for samples having the same 
conductivity as the buffer. Since the electrical current 
in the capillary must be constant through both the 
buffer and sample segments, the ionized component 
in the sample will be concentrated (or diluted) during 
injection to meet this requirement. Thus, sample size 
will show a nearly inverse linear relationship to 
sample solution conductivity (as recently demon- 
strated by Huang et al.“). 

I 
0 

Fig. 5. Separation of fluorescamine-labeled toxins by CZE 
with fluorescence detection. 

detection by the laser-based fluorescence detector. 
The separation was obtained by using a 1.0 m x 100 
pm i.d. fused-silica capillary at 40 kV with a phos- 
phate buffer at pH 8.7. This separation demonstrates 
both the high separation efficiency possible with CZE 
and its application to a mixture of toxins, where 
detection limits in the attomole range are clearly 
advantageous. 

Sample size is also related to both electro-osmotic 
flow and electrophoretic mobility. Fortunately, 
knowledge of the sample elution time (t,) gives an 
accurate measure of these contributions, allowing the 
sample size to be calculated from: 

sample size = Cv, t, Vi ka /t, VCZE k, 

A useful and easily manipulated parameter in CZE 
separations is the buffer pH. This can affect both the 
electro-osmotic velocities in fused-silica capillaries 
and the relative electrophoretic mobilities of many 
compounds, owing to the differences in their iso- 
electric points. 

where C is the analyte concentration, ks is the 
conductivity of the sample solution, kB is the conduc- 
tivity of the buffer solution, vc is the capillary volume 
(to the detector), ti is the injection time, Vi is the 
injection voltage, and Vcz, is the separation voltage. 
Thus, the sample size in electromigration injection 
can be accurately determined. Low-conductivity 
sample solutions can also be used to advantage with 
electromigration injection, giving a relatively narrow 
sample band compared to that obtained with hydro- 
dynamic injection. However, hydrodynamic injection 
offers the clear advantage of simplifying the deter- 
mination since analyte and solution effects (conduc- 
tivity) causing the above-mentioned discriminations 
are eliminated. 

Figure 6 shows the effect of buffer pH on the 
electro-osmotic flow coefficient in an untreated fused- 

*OI 

CZE Separations 

Figure 5 shows a CZE separation of a mixture of 
Fig. 6. Effect of pH of 10e2M phosphate buffers on 
electro-osmotic Row coefficients in untreated fused-silica . . . 

Time (min) 
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PH 

shellfish toxins derivatized with fluorescamine, with capnlanes. 
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silica capillary. At high pH the surface of the fused 
silica is characterized by abundant negative ion sites 
and the electro-osmotic flow is quite rapid in the 
direction of the anode (which is usually at ground 
potential). At lower pH the electro-osmotic flow 
coefficient drops, and at pH 2.5 is only about one- 
tenth of that at pH 9. 

Figure 7 illustrates the effect of pH on a separation 
of the four major ribonucleosides adenosine (A), 
guanosine (G), uridine (U) and cytidine (C) in IO-*M 
phosphate buffers prepared at six different pH 
values. The separation was conducted at 30 kV in a 
75 cm x 100 pm i.d. capillary, with absorbance de- 
tection at 260 mn. At the two higher pH values the 
nucleosides have no net charge in solution and mi- 
grate at the velocity of the electro-osmotic flow. At 
lower pH vahzes the electro-osmotic velocity con- 
tinues to decrease, but the nucleosides begin to 
exhibit a non-zero net charge and migrate at different 
velocities. The optimum pH appears to be close to 3. 

pH - 7.06 

L 
pH - 0.0 , 

pH = 2.94 

pH - 2.42 0 

A 

0 6 10 16 20 26 

Tlnu ImbIf 

Fig. 7. Effect of buffer pH on the CZE separation of 
nucleosides in a short 75 cm x 100 pm i.d. capillary with UV 
detection at 260 nm: cytidine (C), adenosine (A), guanosine 

(G), and uridine (U). 

30 kV. 76 cm X 100 rrn Ld.. U.V. w 
260 “tn. pH 2.94 

0 5 10 15 
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Fig. 8. Illustration of the effect of buffer ionic strength on 
CZE separation quality. 

The ionic strength of the buffer can also have a 
small effect on the electro-osomotic flow coefficient. 
However, if the ionic strength of the buffer is less than 
about two orders of magnitude greater than that of 
the sample, a dramatic degradation of separation 
efficiency is obtained. These effects are illustrate in 
Fig. 8 for the separation of the four nucleosides at pH 
2.94 (see Fig. 7). The nucieoside concentrations are 
-5 x lo-‘M and a decrease in buffer ionic strength 
from lo-* to 10e3 M results in a slight increase in the 
electro-osmotic flow, but severe distortion of the 
bands and loss of separation efficiency. The latter 
effect can be ascribed to distortion of the locai electric 
field strength round the migrating sample bands, 
owing to the variations in conductivity due to the 
analyte ions. 

Capillary zone electrophoresis-mass spectrometry 

The advantages of capillary electrophoresis are 
primarily related to the fast high-efficiency separ- 
ations that can be obtained, the extreme flexibility 
allowed by the range of analytical techniques (CZE, 
isotachophoresis, isoelectric focusing etc.), the ease of 
automation and the small sample size necessary. The 
primary drawback is the high detector sensitivity 
needed. Mass spectrometric detection provides a 
highly sensitive method with broad applicability, as 
well as high selectivity. 

The combined CZE-MS approach developed in 
our laboratory is based on use of an electrospray 
ionization interface (see Figs. 1 and 2). The electro- 
spray produces ions from the end of the CZE 
capillary at atmospheric pressure by an electrically 
induced nebulixation process. The highly charged 
droplets are exposed to a countercurrent flow of dry 
nitrogen, which facilitates evaporation and causes the 
droplets to reach their maximum charge (for a given 
size) allowed for droplet stability. Subsequent evapo- 
ration results in break-up of the droplets to produce 
smaller droplets which proceed along a similar course 
until they are sufficiently small for direct field assisted 
desorption (or evaporation) of ions to occur from the 
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droplet surface. The precise sequence of events, the 
competition between these processes, and the de- 
pendence on droplet size, as well as the role of other 
possible contributions, is not fully understood. Most 
significantly, the effect of liquid composition on ion 
desorption efficiencies is also largely unexplored. 
However, the net result of the ES1 process is the 
desorption of analyte ions by a gentle process which 
does not require heat (other than that supplied by the 
flow of dry nitrogen, which is heated to -70” in our 
apparatus). The 3-6 kV potential gradient used for 
ES1 can produce positive or negative ions, depending 
on the polarity of the electric field. 

The electrospray interface shown in Fig. 2 is 
distinctly better than earlier interfaces, providing 
operation over a much broader range of buffer 
compositions and flow-rates.6.7 The improved inter- 
face uses a flow of liquid over the tip of the capillary 
to augment the flow due to electro-osmosis, or to 
produce a mixture which is more easily electro- 
sprayed.s The actual CZE electrical contact is 
effectively made with the thin sheath of liquid which 
flows over the fused-silica capillary. The CZE capil- 
lary need extend only a short distance beyond the 
metal capillary (>0.2 mm) to provide good per- 
formance. The voltage drop across the sheath elec- 
trode is small and under typical conditions the behav- 
ior of both ES1 and CZE is consistent with the 
expected electric field gradients. Thus, the CZE 
effluent avoids contact with any metal surfaces and is 
isolated from loss by electrochemical reactions. 

The sheath electrode liquid can be the same as the 
CZE buffer, but it is often advantageous to use 
another liquid (providing lower surface tension) to 
improve the electrospray performance. For example, 
aqueous buffers could not previously be electro- 
sprayed, but with either methanol or 2-propanol as 
the sheath electrode liquid, aqueous CZE buffers with 
up to 0.2M ionic strength can be used. The sheath 
electrode liquid can also be used to modify the 
electrospray process either by manipulation of the 
liquid-phase chemistry related to the ion desorption 
or, potentially, by post-column derivatization to yield 
an analyte providing distinctive mass spectral infor- 
mation or more efficient ionization. Our results indi- 
cate that mixing in the electrospray cone is extensive 
since the ES1 performance can be. dramatically im- 
proved for CZE buffers which could not otherwise 
be used (i.e., aqueous solutions). Details of the 
design and performance of this interface are given 
elsewhere.* 

In the following we use a simple mixture of four 
quaternary phosphonium salts to illustrate the char- 
acteristics of CZE-MS separations and to illustrate 
the potential analytical value of these new methods. 
This particular sample is noteworthy only because it 
is not amenable to “conventional” ultraviolet or 
fluorescence CZE detection methods. The CZE-MS 
total and single-ion electropherograms for the qua- 
ternary phosphonium salts are shown in Fig. 9. 

Electromigration was used to inject a sample plug 
containing approximately 1 pmole of component, by 
the methods described above. The separation was 
conducted in a relatively short 60-cm capillary, with 
an 11-kV CZE voltage drop. Buffer conductivities 
were generally chosen to be about 10’ pmho/cm. The 
separation in Fig. 9 was obtained with a 0.0% 
potassium hydrogen phthalate aqueous buffer ad- 
justed to pH 4.8 by titration with sodium hydroxide 
and containing 10e4M potassium chloride. The 
sheath electrode liquid was 8.7% water in 2-propanol 
containing O.lM ammonium acetate and 2 x lo-‘M 
hydrochloric acid and having a pH of 8.9. Although 
(4-8) x lo4 theoretical plates are obtained in the 
separation of the individual components, as shown 
for the single-ion electropherograms, the four- 
component mixture is resolved into only two peaks. 
It is not surprising that the vinyltriphenyl- and 
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Fig. 9. Total and single-ion electropherograms for a 
CZE-MS separation of a mixture of quaternary phos- 
phonium salts at pH 4.8 in a 60 cm x 100 pm capillary at 

11 kV. 
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ethyltriphenylphosphonium ions are eluted simul- 
taneously, since their electrophoretic mobilities are 
similar; it is somewhat more surprising that the 
tetrabutyl- and tetraphenylphosphonium ions are co- 
eluted. If the voltage drop is increased to 24 kV a 
proportional decrease in elution time is expected. As 
shown in Fig. 10 an even greater decrease in elution 
time is observed (probably due to modification of the 
fused-silica capillary by an amine mixture used in the 
preceding separation). However, the increased elec- 
tric field strength does not yield an improved separ- 
ation and it appears that the separation efficiency 
may be degraded by the Joule heating due to the 
larger current (in fact, improved separations were 
obtained at lower voltages, consistent with this sug- 
gestion). Manipulation of buffer pH also affects 
separations, as discussed earlier. Increasing the buffer 
pH to 6 results in the expected increase in electro- 
osmotic velocity and a 26% decrease in elution times, 
as shown in Fig. 11. However, as expected, the 
electrophoretic mobilities were unaffected and resolu- 
tion of the four components was not obtained. The 
higher pH also results in a substantial loss of 
efficiency, which may be attributed to increased inter- 
action of the phosphonium cations with the fused 
silica surface. Currently there is extensive interest in 
treatment of CZE capillary surfaces both to manipu- 
late the velocity of electro-osmotic flow and to create 
more passive surfaces.” 

The CZE-MS interface incorporating the liquid 
sheath electrode allows the electrospray ionization 
interface to be operated for almost any buffer system 
of interest for CZE. This includes aqueous and 
relatively high ionic strength buffers which could not 
otherwise be electrosprayed. In addition, the interface 
provides a simplicity of operation and day to 
day reproducibility not previously attainable. The 
CZE capillary can be easily and rapidly replaced 

CZE-MS 
pH 4.8 

24 kV, 80 cm 

and no special treatment or preparation is required. 
The electrospray interface provides exceptional 
sensitivity, does not affect CZE efficiency and 
avoids a pressure drop across the capillary. The 
sheath flow also provides a convenient method of 
introducing reagents for mass spectrometer cali- 
bration, manipulation of the ES1 process, or post- 
column derivatization. 

Capillary isotachophoresis-mass spectrometry 

Isotachophoresis in a capillary is an alternative 
electrophoretic method which provides an attractive 
complement to CZE.i2 The instrumentation used for 
capillary isotachophoresis (CITP) can be nearly iden- 
tical to that of CZE. In CZE, analyte bands are 
separated on the basis of the differences in their 
electrophoretic mobilities in an electric field gradient, 
which ideally is unperturbed by their presence (owing 
to the much lower effective concentrations). In con- 
trast, in isotachophoresis the analyte mobilities define 
the electric field strength. Two different electrolyte 
solutions are chosen as the leading and terminating 
electrolyte solutions, which have sufficiently high 
and low electrophoretic mobilities, respectively, to 
bracket the electrophoretic mobilities of the sample 
components of interest. The sample is inserted in the 
capillary between the two electrolyte solutions and 
the sample components are separated into distinct 
bands on the basis of their electrophoretic mobilities. 
The electric current in the capillary is determined by 
the leading electrolyte, which defines the ion concen- 
tration in each band. The electric field strength varies 
in each band, the highest field strength being found 
in the bands with the lowest mobility. The length of 
a band is then proportional to the concentration of 
its ions in the sample. As with CZE, resolution is 
ultimately limited by band broadening due to electro- 
osmosis, molecular diffusion and Joule heating. 

Time (mid 

Fig. IO. CZE-MS separation of quatemary phosphonium ions at pH 4.8 at 24 kV (see Fig. 9). 
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Fig. Il. CZE-MS separation of quaternary phosphonium ions at pH 6 (see Fig. 9). 

A direct CITP-MS combination is an attractive 
complement to CZE for a number of reasons. First, 
the sample size which can be introduced is greater by 
several orders of magnitude than can be tolerated in 
CZE and is limited primarily by the volume of the 
capillary and the separation time allowed (which is 
inversely related to the voltage). Secondly, CITP 
generally results in concentration of analyte bands 
(depending on their concentration relative to the 
leading electrolyte), which is in contrast to the inher- 
ent dilution obtained with CZE. These two features 
can provide a substantial improvement in detection 
limits compared to CZE. It must be remembered that 
although IO-attomole detection limits have been re- 
ported for CZE, the IO-n1 injection volume typical of 
CZE corresponds to a concentration detection limit 
of about 10egM with single-ion detection. If the 
ionization efficiency is lower, or full-scan mass spec- 
tra are required, the CITP-MS detection limits will 
be substantially better than those obtainable by 
CZE-MS. A third benefit of CITP is derived from the 
nature of the separations compared to CZE or chro- 
matographic methods. The chromatographic peak 
capacity needed to separate all the components of a 
sample generally greatly exceeds the number of com- 
ponents, and for much of the time the detector is 
observing only the baseline. In contrast, with iso- 
tachophoresis, one sample band immediately follows 
another and detector time is not wasted (once a 
separation is obtained). I3 In addition, all the bands 
have similar ion concentrations, so there should be no 
large differences in signal intensities between bands 
and a broad dynamic range detector is generally 
not required. Similarly, additional info~ation on 
analyte concentration is conveyed by the length of the 
analyte band. 

The application of CITP-MS to the phosphonium 
salt mixture used for the CZE-MS experiments pro- 

vides an interesting comparison of these electro- 
phoretic methods. The separation was conducted at 
35 kV, with a 2 m x 100 pm i.d. untreated fused-silica 
capillary. The leading electrolyte was IO-‘M am- 
monium acetate and the trailing electrolyte was 
10e3M tetraoctylammonium bromide in a I: 1 v/v 

I 
~C2H5IG3H5)3 p+. 

m/t 291 

1”’ 

44 42) 
Time imfnf 

Fig. 12. Capillary isotachophoresis-MS separation of the 
quaternary phosphonium salt mixture in a 2 m x 100 pm 

i.d. capillary at 35 kV. 
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water-methanol mixture as solvent. The concen- 
trations of the four quaternary phosphonium halide 
were all 10-‘&f, in a 1: 1 v/v water-methanol mixture. 
The sample was loaded by electromigration for 60 set 
at 30 kV. Figure 12 shows the CITP-MS single and 
total ion isotachopherograms. The separation is well 
developed, with minimum band overlap and sharp 
edges. The widths of the four bands are nearly 
equivalent, consistent with the similar sample concen- 
trations and the minor discrimination expected 
from use of electromigration for introduction of the 
mixture. 

The most striking feature of the separation shown 
in Fig. 12 is the excellent resolution of the four 
phosphonium salts, which were not resolved in the 
shorter CZE separations. The fact that the 
vinyltriphenyl- and ethyltriphenylphosphonium ions 
are clearly resolved illustrates the potential of 
CITP-MS for high-resolution separations. Another 
advantage is the greater signal-to-noise ratio. A de- 
tailed description of the techniques, separation of 
other materials, and the potential applications of 
CITP-MS will be given elsewhere.13 

CONCLUSIONS 

The CZE-MS approach offers a combination of 
separation efficiencies and detection limits that makes 
it uniquely suited for many biological samples. For 
example, it is possible to couple a micropipette to 
CZE directly, providing a basis for direct sampling of 
single cells by electromigration. Separations requiring 
less than a few minutes are possible by use of short 
capillaries, particularly where sensitive detection 

methods allow the sample volume to be minimized. 
The development of capillary isotachophoresis-MS 
promises to extend the capability of these methods 
further and provides a complement of CZE-MS. The 
rapid developments in injection techniques and the 
use of buffer media providing enhanced selectivities 
promise increasing interest in these attractive instru- 
mental methods. 
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Summary-A procedure is described for quality-control in graphite-furnace atomic-absorption spec- 
trometry. It uses an NBS standard reference material to avoid errors in standard preparation, and very 
simple instrumental conditions, with no matrix modifier or pyrolysis step. The characteristic mass and 
the Zeeman ratio are calculated for Ag, Cu and Cr, and deviations from the expected values for these 
quantities are correlated with potential instrumental malfunctions. 

It has been shown that when the modem graphite 
furnace is used correctly, it is remarkably free from 
interferences.‘” L’vov invented the furnace technique 
in 1959 and in his first paper* expressed the hope that 
the method might become absolute, that is, needing 
no standard, as well as being very sensitive. During 
the 1970s the graphite furnace was shown to be very 
sensitive indeed but, unfortunately, plagued by inter- 
ferences. This problem was partly due to the effort 
by the instrument makerssT6 to adapt L’vov’s tech- 
nique to the commercial atomic-absorption spec- 
trophotometers, which at that time utilized a flame. 
This necessitated many compromises that had a 
strong influence on analytical performance. 

About 10 years ago a determined effort was made7.8 
to understand the requirements of the furnace tech- 
nique and to adapt the instruments to provide more 
nearly optimum conditions. We have called this 
assemblage of modem conditions the stabilized tem- 
perature platform furnace technique, STPF.9 The 
more important of these conditions are use of the 
L’vov platform,’ fast digital electronic signal pro- 
cessing,‘O automatic baseline compensation,” integra- 
tion of the absorption,4 rapid heating of the furnace,” 
calibration with simple analytical standards, pyroly- 
tically coated tubes,4,‘3 and Zeeman background cor- 
rection.14 The individual efforts to optimize each of 
these conditions have been the work of many labora- 
tories in America and Europe, as partially noted in 
the references. 

When STPF conditions are used, analyses are 
performed by calibration with simple standard solu- 
tions and the method of additions is avoided.” 
Though in ideal situations the method of additions 
will not introduce errors, it is slow and reduces the 
analytical precision. The freedom from interferences 
means that the slope of the analytical curve does not 
depend upon the materials in the sample matrix. Thus 
the slope of the working curve is a property of the 
particular element being determined. The character- 

istic mass, m,, is the value used to define the slope of 
the working curve, or the reciprocal sensitivity. It is 
the mass of analyte (in pg) that produces an inte- 
grated absorbance signal with area equal to 0.0044 
absorbance. set (or 1% absorption. set). This charac- 
teristic mass has been shown3 to be constant within 
20%, when determined by different operators, with 
different instruments, matrices, etc. Though some 
experimental conditions can alter the slope to some 
extent, these variations appear to be controllable. 
L’vov et aLI6 showed that this stability of the charac- 
teristic mass was explainable on physical principles. 

The sources of variability in characteristic mass 
have been studied with a view to their control. As this 
work continued, it became clearer that the ability to 
achieve the expected characteristic mass could be 
used as an effective method for quality control of the 
analytical process. A test procedure has been 
developed” that has been used for many purposes, 
e.g., to uncover instrumental alignment problems, to 
monitor the quality of instrumentation and meth- 
odology on a daily basis, to compare different furnace 
designs. 

Three elements have been chosen, each selected for 
a particular characteristic. Silver is used because 
contamination is likely to be small and we believe 
there are few interferences.‘* Copper is used because, 
at the 324.8-nm line, it is sensitive to variability of the 
Zeeman magnetic field. Its complex hype&e struc- 
ture broadens that line considerably, making it im- 
possible to separate the Zeeman-split absorption line 
fully from the wings of the source radiation. Chro- 
mium is used because it requires a rather high 
atomization temperature and a relatively long wave- 
length. It is thus subject to trouble from emission of 
dc radiation from the furnace wall and is therefore a 
sensitive indicator of furnace misalignment. 

In addition to the characteristic mass, we measure 
two other properties of the analytical system. The 
light energy, E, for given conditions is a good indi- 
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cation of incipient lamp failure, or gross mis- 
adjustment of optical elements. It is an instrumental 
parameter that should be monitored routinely. The 
Zeeman ratio is also measured. This is the ratio of the 
Zeeman signal to the Zeeman plus background signal 
in the absence of true background absorption. 

low lamp current is used, to provide narrow line-width by 
minimizing self-absorption in the lamp. For the three ele- 
ments used in this test, the spread in the NBS certified values 
is about 10% and we accept this potential error. 

EXPERIMENTAL 

Several Perkin-Elmer@ Zeeman/5100 and Zeemani3030 
atomic-abso~tion instruments. equipped with the AS-# 
autosampler, were tested. Only single-element hollow- 
cathode lamps should he used for this test. No effort was 
made to use the same lamp for all tests. A previously unused 
pyrolytically coated tube is used for the series of tests. 

It is preferable that the autosampler cups be soaked for 
several hours in 20% v/v nitric acid, rinsed in distilled 
demineralized water, dried and stored in a sealed container. 
Just before addition of the test solution to the cup, 2 ml of 
2% v/v nitric acid are let stand in the cup for a few minutes 
and then emptied out, with shaking out of the residue. If 
there is doubt as to the purity of the nitric acid and distilled 
water, these materials are checked. 

The energy signal, E, provided on the modern Perkin- 
Elmer AAS instruments is an indication of the signal 
reaching the photomultiplier tube. The automatic gain 
control, AGC, circuit provides a constant signal in the 
amplifiers following the photomultipiier.” This is achieved 
by adjusting the dynode voltage across the photomultiplier 
dynode resistors to provide the chosen signal output. The 
instrumental reading has an arbitrary relationship to the 
dynode voltage, V: 

The autosampler tray is fifled with water to a depth of 
about 1 cm and closed with the autosampler cover. This will 
reduce evaporation errors by saturating the atmosphere 
above the cups. When full, the sampler cups hold about 2 
ml. The test solutions are poured directly into the cups, 
without use of transfer containers. About l-I.5 ml of test 
solution is placed in the cup. 

The test solution sample transferred by the autosampler 
is dried on the platform and the residue is-atomized directly. 
The conditions are shown in Table 1. After the drvine steo 

E = (lo00 - V)/lO 

at about 140”, the temperature is raised to 500” for 5 set as 
a practical step to ensure that the test solution is fully dried. 
The tube is then returned to room temperature for long 
enough to be sure that the atomization step will proceed 
from a cool environment to achieve STPF conditions. This 
is the cool-down step.2’,22 Then the material is atomized with 
maximum power heating and gas stop. 

The electronics for the Zeeman 5000 were discussed in 
some detail previously. ” The electronics used with the 
Zeeman 5100’9 and the Zeeman 3030, the instruments used 
for the experiments in this paper, are very similar. During 
each cycle of the ac line (1 /SO or l/60 set, depending on the 
line frequency), two signals are measured in rapid sequence. 
The total atomic-absorption signal, including any back- 
ground that is present, is measured with the magnet off. The 
background signal, 3, is measured with the magnet on. The 
difference between the two signals is the Zeeman signal, Z. 
When this signal is expressed as absorbance, it is propor- 
tional to the analyte concentration in the sample. 

The temperature is set with a pyrometer if one is avail- 
able. We used an Ircon Modline 2000 Series Automatic 
Optical Pyrometer focused through the sample-fill hole onto 
the platform. The temperature is read after it has come to 
equilibrium and the reading is no longer changing (mea- 
surement of the rising temperature would be in error since 
radiation from the wail will be reflected from the platform; 
at thermal equilibrium, the m~urement is reliable). 

In all practical cases the magnetic field is not sufficient to 
separate the absorbing lines of the analyte vapor fully from 
the source radiation. Thus, even if no background absorb- 
ance is present, there will be some residual signal when the 
magnet-on signal is measured. For most elements, but not 
all, this residual signal is less than 10% of the atomic 
absorption. The Zeeman ratio, R is defined: 

The tube is then fired again 6 times to remove any residual 
contamination or carry-over and to confirm that the inte- 
grated Zeeman and background absorbance signals are less 
than about 0.004 absorbance.sec. The raw signal is not 
corrected for the blank reading. The test solution is fired 6 
times to provide useful statistical results. The characteristic 
mass, m,, and the Zeeman ratio, R, are calculated, Typical 
absorbance protiles are recorded for each of the three test 
elements since the profiles are an important part of this test. 

The characteristic mass, mO, is calculated from the re- 
lationship: 

R=Z/(Z+B) m, = (0.0044/S)m 

In the tests, we are interested in a stable and reproducibIe 
value for the characteristic mass, so the conditions which 
have been chosen are somewhat different from those usually 
used for routine analysis. ” Matrix modifiers have been 
avoided (a) because of the potential for introduction of 
contamination and (6) to keep the conditions simple. Since 
materials are used which produce negligible background, a 
pyrolysis step is also avoided. 

where S is the average integrated absorbance reading (in 
absorbance.sec) and m is the mass of analyte (in pg). The 
NBS certified value for each of the three elements, in fig/l., 
is multiplied by the sample aliquot volume taken, 15 or 
20 ~1, to yield the mass in pg shown in Table I. 

It is im~rtant to avoid sample preparation errors in this 
work. To ensure confidence in the absolute value of &he 
characteristic mass, we use the NBS 1643b Standard Refer- 
ence Material, Trace Metals in Water. It is a particularly 
convenient material since, for all three test elements, the 
amount present in the NBS reference material is large 
enough to provide precise results, that is, an integrated 
absorbance signal with an area greater than about 0.2 
ab.sorbance.sec but still within the linear range of the 
analytical curve. For these quality-assurance tests it is 
convenient to stay within the linear range because we are 
also studying the ratio of the Zeeman sensitivity to the 
conventional AAS sensitivity. In normal analytical situ- 
ations there is no reason to stay within the linear range. A 

The series for each of the three elements is completed in 
less than 30 min so the complete test requires less than 1.5 
hr. The test solutions should not be on the autosampler 
table for more than 2 hr or evaporation errors can become 
significant. The series of measurements consumes somewhat 
less than 400 yl of the NBS SRM and the residue left after 
the test should be discarded. 

Graphite furnaces rarely produce unexplained wild sig- 
nals. There is no point in confusing the judgements intended 
in this work, by including such rare accidents. Therefore, 
discrepant single readings are discarded from the average. 
This is done by calculating the standard deviation for the six 
replicates. If the extreme value appears to be an outlier, 
that is confirmed by deleting that point and recalculating the 
standard deviation. If the resulting standard deviation is 
smaller than half its value obtained for the six points, the 
five-point average and standard deviation are used. 

-- a 
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Table 1. Test conditions 

Cr CU Ag 

Test solution 
20 ~1 of NBS 1643b (pg) 378 445 149(15)* 
Specrrotneter 
wavelength (nm) 357.9 324.8 328.1 
lamp (m.4) 15 IO 10 
slit-setting (nm) 0.1 0.7 0.7 
B full scale, (absorbance) 0.1 0.2 0.1 
ZAAS full scale, (absodmnce) 0.3 0.2 0.6 
Furnace 
dry? 45 set at (“C) 140 140 140 
5 set at f”C) 500 500 400 
cool IO set at (“C) 20 20 20 
atomize for (set) 15 8 5 
at (“C)$ 2500 2400 1800 
clean 15 set at (“C) 2700 2600 2300 

*For Ag, 15 ~1 of standard was used. 
TThese temperatures are nominal. They must be set by observation. 
@et atomi~tion tem~ratu~ by pyrometer, if available. 
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RESULTS 

Data obtained with 4 different Zeeman instruments 
for the three elements, collected over a 6-month 
period, were reported earlier.” Those data and the 
range of results reported are shown for each test 
element in the first two lines of Tables 24. More 
recent data for some of those instruments are also 
shown. Data from several different Z/3030 and 
Z/5100 instruments have been lumped together in 
these tables. 

Typical absorbance profiles from the Zeeman/S 100 

are shown in Figs. l-3 for Cr, Ag and Cu. In all the 
figures the Zeeman signal, Z, is the solid line and the 
background signal, B, is the dotted line. In the curves 
for Cu the Zeeman signal and background signal are 
plotted to the same scale. For Cr, full-scale absorb- 

ante is 0.1 for the background and 0.3 for the 
Zeeman signal. For Ag, the full-scale absorbance is 
0.1 for background and 0.6 for the Zeeman signal. 
For Cu, the background signal is typicafly slightly 
smaller than the Zeeman signaf, as shown in Fig. 3. 

If the peaks are significantly narrower than those 
shown in these figures, the atomization temperature 
is probably too high and the characteristic mass can 
be expected to be somewhat larger than expected. 
Conversely, if the peaks are broader than those 
shown here, the atomi~tion temperatures are some 
what low and the characteristic mass can be expected 
to be a little better (smaller) than anticipated. 

In some situations the Cr peak has a tendency to 
have a small leading spike, illustrated in Fig. 4. This 
is probably an indication that the thermal conditions 
have not quite stabilized. We ignore this effect. 

Table 2. Chromium data 

z/3030 z/5100 
--__ __~ 

mo, pg R % Pa? R 

3.0-3.8 0.88-0.95 2.9-3.9 0.97-1.1 
3.s3.5 0.96-l .4 3.5-4.4 0.96-I .os 

1 March 3.0-3.3 0.93-0.95 
II March 2.9-3.0 0.960.99 
16 March 2.8-3.4 0.97-1.0 
5 May 2.8-3.0 0.95-1.0 
4 May 2.8-3.2 0.88-1.0 
7 April 2.9-3.5 I.0 

Table 3. Silver data 

z/3030 Z/5100 

moT pg R mo, P&Y R 

IS-l.7 0.92-0.94 1.4-2.0 0.92-0.94 
I s-2.0 0.87-0.94 1.6-2.3 0.92-0.93 

f March 1.7-2.1 0.94-0.96 
11 March 1.6-1.7 0.91&0.92 
16 March IS-I.6 0.92 
7 April 1.6-1.8 0.92 
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Table 4. Copper data 

z/3030 Z/S100 

@, Pg R % Pif R 

7.7-9.4 0.52-0.55 7.7-8.8 0.53-0.57 
8.3-9.5 0.53-0.64 8.6-I 1.3 0.534.56 

II March 7.7-8.6 0.554.58 
16 March 7.1-9.3 0.5~.57 
7 April 8.5-10.7 0.55-U.56 

Figure 5 shows an example (from a Cr test on a 
Z~man/3030) of what happens when the drying 
conditions are not adequate; a large early back- 
ground peak is observed. This is due to re- 
vaporization of the water condensed on the cooler 
tube ends during the drying step. The presence of this 
peak will grossly disturb the Zeeman ratio data. The 
drying conditions should be changed so that this peak 
does not appear. 

We had expected that, for any specific instrument, 
the variation in characteristic mass would be small. 
The variations were larger than we expected so we 
looked for and found several causes of variability. 

One such cause is variation in the magnetic field 
caused by fluctuations in the power supplied to the 
instrument. This is particularly the case for elements 
which display Zeeman ratio values, R, that are not 
close to unity. Experimental data for the two com- 

mon Cu lines are shown in Table 5. For the 324.8~nm 
line the variation in R is almost 20% over the range 
of voltages shown, while at the 327.4~nm line the 
variation is much smaller. Table 6 gives the same kind 
of data for Ag. For the 396.2~nm line, for which R 
is quite close to I, there is very little variation over 
the range of voltages used, in contrast to the case for 
copper. 

Another cause of variability turned out to be 
evaporation of water from the NBS sample on the 
autosampler table. The table includes a water bath 
that will saturate the air above the sample cups and 
thus reduce evaporation. A baffle is mounted above 
the sample cups, exposing only the cup which is about 
to be sampled. In fact, in some of our experiments, 
the cup was left in the exposed position during the 
whole run, and in the early experiments the saturating 
bath was not filled. 

Sample ID: 2 Sequence No.: 00002 Sampler Position: 2 

Peak Area (A.secf : 0 -597 Peak Height (Al : 0.267 
Background Pk Area (A.sec) : 0.001 Rackground Pk Height (A): 0.012 
Blank Corrected Pk Area (A.secJ: 0.597 

0.30 - 
0.10 

0 

0 
Timt I see I 

15 

Fig. 1. Typical absorbance protile for Cr for the conditions of this test. 
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Peak Area (A.recl : 0. 356 
Background Pk Area (A.sec): 0.036 
Blank Corrected Pk Area (A.sec): 0.356 

Peak Height CA) : 0.351 
Background Pk Height (Al: 0.033 

0.60 
0.10 

0 

Time t sac1 
5 

Fig. 2. Typical absorbance profile for Ag For the conditions of this test. 

Peak Area lA.sec): 0.200 
Background Pk Area (A.sec): 0.171 
Elpnk Corrected Pk Area (A.secj: 0.200 

0.20 
0.20 

Peak Height (A): 0.154 
Background Pk Height (Al: 0.137 

Time ( SW ) 8 

Fig. 3, Typical absorbance profile for Cu for the conditions of this test. 



176 W. SLAVIN et al. 

Peak Area (P.s~c): 0. 630 

Background Pk Area (A.sec) : 0.005 
Blank Corrected Pk Area (A.s.x~: 0.630 

Peak Height (AI : 0.278 
Background Pk Height (AI : 0.016 

Time ( set) 

Fig. 4. The Cr absorbance profile demonstrating a split peak. 

In a set of experiments on a winter day when the This effect can introduce a significant analytical 
humidity in the laboratory was probably low, an error if appropriate precautions are not taken. When 
accurately weighed sample cup was filled about 2/3 full, the cup contains about 2 ml of sample. If it is 
full with water. We found that 34.5 f 1.0 ~1 of water half-full and the bath is not filled, leaving the cup on 
evaporated per hour. A second experiment was run the table for an hour would produce a positive error 
in much the same room environment but with the of 3.5% under the low humidity conditions men- 
saturating bath filled and the cup mounted beneath tioned above. If very small amounts of sample are 
the baffle plate. Though different experiments on used, the error can become very large. This effect is 
different days produced different evaporative losses, greatly reduced if the water bath is filled and the cups 
from 6 to 11 pl/hr, the general rate of evaporation are not left on the table longer than necessary, 
was about 10 pl/hr. especially if small sample volumes are used. 

ABS. 

0.0 

0 TIME (SEC1 IS*0 

PEAK HEIGHT (ABSORBANCE) ozo 
ZAA BC 

0,124 0.050 
PEAK AREA (ABEi-SECONDS) 0.388 0,326 0.062 

Fig. 5. A Cr absorbance profile on the Zeeman/3030 when improper drying conditions produced a large, 
early-running background peak. 
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Table 5. Etfect of voltage on integrated Cu signal (absorb- 
ante . set) 

Signal at 324.8 nm Signal at 327.4 nm 

Voltage Z + B Z R z+3 z R 

220 1.18 0.80 0.40 0.31 0.72 0.70 
230 1.17 0.83 0.42 0.29 0.71 0.71 
240 1.14 0.86 0.43 0.28 0.74 0.73 
250 1.11 0.90 0.45 0.26 0.75 0.14 
260 I .06 0.94 0.47 0.26 0.75 0.74 
270 I .03 0.98 0.49 0.26 0.78 0.15 

Still another cause of variability is the atomization 
temperature. In our experience, with some instru- 
ments and some tubes, there may be a difference of 
up to 200” between the pyrometer reading and the 
instrument setting. The effect of temperature on the 
integrated absorbance signal for Ag is plotted in Fig. 
6. Theory shows that under STPF conditions where 
thermal equilibrium has been achieved prior to ele- 
mental volatilization, the diffusion coefficient of the 
fill gas, and therefore the residence time of the analyte 
atoms, will depend on the atomization temperature. 
This relationship is an exponential function of the 
absolute temperature and L’vov et aL2’ suggest the 
relation & = &(T/2’73)’ 7s where & and D, are the 
diffusion coefficients at T and 273 K respectively. 
To determine the change in signal due to diffusion 
at different temperatures, the equation is easily re- 
arranged to DT,jDT, = (T,/T~)‘.‘5. 

Assuming that the analytical signal is pro~rtional 
to the residence time, which itself is proportional to 
the diffusion coefficient, this equation can be used to 
calculate the signal change between 2000 and 2200”. 
A signal loss of 14% is calculated for the higher 
temperature, and the experimental data in Fig. 6 
show the loss to be 13%, in excellent agreement. Thus 
for Ag, near its usual atomization temperature, there 
is a variation of about 7% per 100” if the temperature 
is not accurately measured. 

We have recently instituted the Cu and Cr part of 
this test, using the NBS 1643b reference material, for 
all Zeeman Model 5100 instruments shipped from 
our factory in Connecticut. The Cu and Cr data from 
some 70 instruments are analyzed in Table 7. Not 
only were different instruments used, but different 
electronic technicians performed the experiments, 
and different power lines and light-sources were used. 
No effort was made to prevent contamination and the 
sample cups were not precleaned. 

Table 6. Effect of voltage on Ag signal (absorbance.sec) 

Signal at 396.2 nm Signal at 309.3 nm 

Voltage Z+B Z R Z+B Z R 

220 0.11 1.21 0.92 0.29 0.60 0.67 
230 0.09 1.26 0.93 0.27 0.63 0.71 
240 0.08 1.30 0.94 0.25 0.64 0.72 
250 0.08 1.31 0.94 0.23 0.67 0.74 
260 0.07 1.35 0.95 

0.1 1 I I I J 
3200 1600 2000 2400 2800 

*c 

Fig. 6. The variation with temperature of the signal for 
Ag from 15 ~1 of the NBS SRM 1643b Trace Metals in 
Water, 149 pp. of Ag. The characteristic mass at the recom- 
mended atomization temperature of 1800” is 2.0 pg. 

(A.sec = absorbance. xc). 

In Table 7 we list the average characteristic mass, 
m,,, and Zeeman ratio, R, for each element. In the 
case of Cu, we also list the average RSD of each set 
of 5 readings and the average energy reading, E. The 
second line of Table 7 gives the RSD of the data for 
all the instruments. 

The energy signals, E, were remarkably similar, 
with an SD less than 3 even though many different Cu 
lamps were used and the different photomultipliers 
displayed different gain characteristics. For each in- 
strument five separate readings of the absorbance and 
the Zeeman ratio were taken for the material, and 
the corresponding average and RSD values were 
calculated. For Cu, the average of these individual 
RSD values was 1.2%. The average absorbance 
signal is reported in Table 7 as the characteristic 
mass, m,. The spread in these average absorbance 
signals, from all the instruments, was 16%, calculated 
as the RSD of the individual characteristic masses 
from each instrument. The characteristic mass from 
these data is 8.5 Ifr 1.2 pg, in good agreement with our 
expectations, 8.0 pg.*’ The RSD of the Zeeman ratio, 
R, was only 2%. 

The Cr data collected on the inst~ments are also 
shown in Table 7. Note that, in this case, the RSD 
of the average test signal is only 8%. In other words, 
all the instruments shipped produced only an 8% 
RSD for the slope of the Cr analytical curve. The fact 
that this is half the spread of the Cu data suggests 
that copper contamination in the workplace atmo- 
sphere may have been a problem with the Cu tests, 
and we plan to pursue this further. The characteristic 

Table 7. Test of production Z/51OOs 

cu 
Cr 

Average 
%,Pg R E m,,pg RSD, % R 

Average 3.3 0.97 64 1.2 0.47 
RSD (%) 8 1.0 4 

1:” 
2.0 
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mass from these data is 3.26 + 0.25 pg, in very good 
agreement with the expected 3.3 pg.*’ 

DISCUSSION 

Probably the most important improvement that 
can be made in furnace AAS is the reduction of 
operator concern about potential analytical error. It 
is this concern which has inhibited the use of furnace 
AAS over the past 15 years. Therefore instrumental 
improvements which lead to analytical ruggedness 
are being sought. A test procedure that flags potential 
problems is an important step in this process. 

A furnace AAS instrument-test procedure is de- 
scribed which has been used extensively to identify 
instrument malfunctions and some procedural prob- 
lems. It uses an undiluted NBS standard reference 
material and no matrix modifiers, so that sample 
preparation errors and contamination errors are re- 
duced or eliminated. The procedure avoids the effects 
of tube contamination or carry-over by preceding 
each set of measurements with a group of dry firings. 
Thus no blanks are required, or used. Having to take 
blanks into account degrades the precision. Because 
of the procedure and test material used, no pyrolysis 
step is used, although an additional drying step at 400 
or 500” is used to be sure that there is no condensed 
moisture that will vaporize during the atomization 
step. 

In experiments in our laboratory, the effects of 
furnace misalignment in the optical system were 
shown to elevate the Zeeman ratio for Cr and, if the 
situation was sufficiently severe, the Zeeman ratio for 
Cu. Incorrect line voltage alters the magnetic field 
used for generating the Zeeman effect, and this is 
indicated by departure of the Zeeman ratio for Cu 
from the expected value. 

Characteristic mass values should be within less 
than 15% of the expected values for the three test 
elements. If all are low or high by similar amounts, 
the cause may be inaccuracy in the temperature or the 
pipetting, or may arise in the circuit that handles the 
calculation of absorbance; the most likely cause is 

error in the temperature. Contamination should be 
suspected if the characteristic mass is correct for Ag 
but better than expected for Cu or Cr, usually Cu. 
Many more relationships will emerge as the pro- 
cedure continues to be used. 
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Summary-Improvements are reported for trace elemental analysis by polarization spectroscopy. By using 
higher frequency (150 kHz) m~ulation and setting the polarizers off-extinction to produce a dispersion- 
shaped signal, linear calibration curves and a limit of detection (S/N = 2) of 2ng/l. sodium can be 
obtained for solutions aspirated into a conventional flame source. 

Trace analysis is of great interest in a variety of fields 
ranging from environmental and clinical analysis to 
industrial process monitoring. The quest for lower 
detection limits has been pursued by modifications of 
traditional t~hniques and the development of new 
ones. As analysts develop more sensitive methods, the 
specificity requirements increase as well. As an exam- 
ple, a background or noise component in an absorb- 
ance measurement may have negligible effects on the 
signal generated by an analyte at ppm concen- 
trations, but may severely hinder the determination at 
analyte concentrations lower by a factor of 1000. In 
spectroscopic methods, lasers have the advantage of 
being highly monochromatic. This makes them capa- 
ble of exciting very specific transitions in a species of 
interest. Hence, they allow the spectroscopist to 
develop methods with high specificity. 

One technique that exhibits both high sensitivity 
and specificity is Doppler-free laser polarization 
spectroscopy, first demonstrated by Weiman and 
Hansch.’ The method uses two counter-propagating 
laser beams which overlap in the sample region. In 
the simplest case, both beams are tuned to an absorp- 
tion transition of the analyte atoms (or molecules). 
The higher power pump beam is circularly polarized, 
but could also be linearly polarized at 45” to the 
probe beam polarization. It induces an optical aniso- 
tropy in the sample by depleting the analyte popu- 
lations in certain sublevels. The left and right circular 
components of the linearly polarized probe beam 
sense this anisotropy as differences in absorption 
coefficients and refractive indices. This results in a 
change in the polarization plane of the probe beam, 
which can be measured as increased transmission 
through a crossed polarizer, frequently called an 
analyzer. The amount of probe light reaching the 
detector is related to the number of analyte species 
present. The technique is Doppler-free because the 

*Author for correspondence. 

counter-propagating beams must interact with the 
same atoms simultaneously. In practice, some 
Doppler broadening is observed, owing to the finite 
crossing angle of the pump and probe beams. 

Our group previously applied this technique to 
elemental analysis by use of a flame and a 
continuous-wave (cw) ring dye laser.2 The polar- 
ization of the pump beam was modulated between 
left and right circular polarizations at a frequency of 
800 Hz and detection was by means of a lock-in 
amplifier. The reported limits of detection (S/N = 2) 
of 30 rig/l.. and 37 pg/l. for sodium (D,) and barium 
respectively are comparable to those obtained 
by atomic-fluorescence techniques. More recently, 
Lanauze and Winefordne~ applied a wider band~dth 
pulsed (excimer-pumped) dye laser with boxcar aver- 
aging detection to the determination of sodium (D,) 
by polarization spectroscopy. They obtained a 2 pg/l. 
detection limit (S/N = 3) by averaging 3000 pulses. 

Lanauze and Winefordner reported that a poor 
extinction ratio (200) severely limited their system. In 
comparison, the polarimeter system developed by our 
group has been shown4 to have extinction ratios as 
high as IO’*. This improved extinction ratio certainly 
figures significantly in the improvement seen in the 
cw* vs. the pulsed’ laser systems. Typically, extinction 
ratios deteriorate substantially as the number of 
optical components between the polarizers increases. 
Because of this, we choose to use configurations that 
minimize the number of surfaces and thereby limit 
additional birefringence between the polarizers. 
However, in the Lanauze and Winefordner system,3 
several optical components are placed between the 
polarizers, and it is likely that this contributes to the 
poor extinction ratio observed. 

The limiting noise in the pulsed laser experiment 
is the pulse-to-pulse variation in power that is 
commonly seen in such lasers. The limiting noise 
in the cw laser system can be attributed to flicker 
in the probe beam. High-frequency modulation 
(> 100 kHz) with cw lasers has been shown to im- 
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prove detectabilities in polarimetersS and other laser- 
based detecto&,’ by reducing the effect of flicker 
noise. It is therefore reasonable to assume that similar 
improvements wouid be seen for polarization spec- 
troscopy at high modulation frequencies. In this 
paper, we present results showing an improvement in 
the limit of detection for polarization spectroscopy 
based on this principle. 

THEORY 

Doppler-free laser polarization spectroscopy was 
first demonstrated as a ~gh-resolution spectroscopic 
technique.’ Early applications centered around pre- 
cise measurements of spectroscopic fine structure’.8m’0 
and evaluation of physical constants.” In light of 
this, it is not surprising that most of the early 
theoretical descriptions did not emphasize the nature 
of the relationship between the measured signal and 
the concentration of the absorbing species. In our 
experiments, we are interested in verifying this re- 
lationship to substantiate the usefulness of polar- 
ization spectroscopy for trace analysis. 

There are two different phenomena that can be 
observed in these experiments. The first is a dichroism 
effect. The circularly polarized pump beam selectively 
depletes the population of some states relative to 
others, causing one circular component of the probe 
beam to interact with fewer ground-state atoms. This 
produces slight changes in the absorption coefficients 
for the left (Acr -) and right (Aa +) circular com- 
ponents. Reduced absorption of one component rela- 
tive to the other results in a slight increase in overall 
intensity of the probe beam and produces elliptical 
character in the probe polarization. Some of this light 
is transmitted by the analyzer, producing a signal at 
the detector. This dichroism signal has a Lorentzian 
line-shape (dete~ined by lifetime broadening or 
pressure broadening) which can be observed by vary- 
ing the dye laser frequency and recording the absorp- 
tion. The second effect is due to dispersion, or 
birefringence, a difference in refractive indices for the 
two circular components of the probe beam. The 
changes in refractive index, An +, An -, result from an 
anisotropic distribution of angular momentum orien- 
tations, which is caused by pump-induced non- 
uniformity in populations of (orientational) &4 sub- 
levels. The birefringen~ causes a rotation of the 
polarization plane of the probe beam and thereby 
increases the amount of light passing through the 
analyzer. This birefringence effect produces a 
dispersion-shaped signal as a function of frequency. 

A mathematical description is helpful in under- 
standing these signals. Making the assumptions that 
the probe beam is weak and does not change the 
optical properties of the sample and that the pump- 
induced anisotropies are small, we can express the 
probe beam intensity (Z,) transmitted by the analyzer 
as’ 

h=Zo 
[ 

e*+f$j +x2) s L+(q&] (1) 

Here, 1, is the probe intensity and 6 is the angle of 
offset of the analyzer transmission axis from the 
exactly crossed position. The detuning of the laser 
frequency from resonance is given by x, defined as 

x = (0 - e&)/Y (2) 

where w, is the resonant frequency and y is the 
natural or the pressure-broadened line-width, which- 
ever is the larger. The quantity s, which contains 
information related to sample con~ntration, path- 
length and pump power, is given by 

s = - f( 1 - d)!%,N/I,, (3) 

The unsaturated background absorption of the probe 
is a, and is directly proportional to No, the total 
number density of absorbers in the ground state. The 
absorption path-length is 1 and the pump beam 
intensity I. The term Isat refers to the saturation 
intensity, which gives a measure of the ease with 
which the pumped transition may be saturated. The 
parameter d is defined by 

d=da: 
A&+ 

and is a measure of the magnitude of the anisotropy, 
which depends on the angular momenta and decay 
rates of the states involved. 

Substituting equations (3) and (4) into equation (I) 
gives 

Here, the concentrations are low and the dichroic 
attenuation term for I, can be neglected. The 
first term will be a constant for a given analyzer 
rotation. The second term describes the dispersion- 
shaped signal. The refractive index change, 
An f = An + - An -, can be related to the dichroism, 
Aa* = Au+ - Acr -, by the Kramers-Kronig’s2 re- 
lation such that 

An’= -;Au’xc/w (6) 

The last term in equation (5) describes the Lorentzian- 
shaped dichroism signal. When the polarizers are 
perfectly crossed, B = 0, and the third term leads to 
a purely Lorentzian signal. If the analyzer is offset 
from extinction so that 0 dominates over s, the last 
term becomes insignificant and a dispersion-shaped 
signal is observed. Thus, selection of the analyzer 
transmission axis allows observation of a signal that 
is due to the effect of dichroism or birefringence 
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Fig. 1. Experimental system for atomic polarization spectroscopy. Solid lines indicate optical paths and 
broken lines show electrical connections. A, analyzer prism; AL, argon-ion laser; B, slot burner; BS, beam 
splitter; CR, chart recorder; DR, high-voltage driver; F, line filter; HV, power supply; L, and L,, focusing 
lenses; LIA, lock-in amplifier; P, polarizer prism; PMT, photomultiplier tube; RDL, ring dye laser; WG, 

waveform generator; WM, wavemeter. 

alone. At inte~~iate @ values, the signals will reflect 
a combined effect. 

From equation (5) it is evident that the Lorentzian 
signal depends on the square of the concentration of 
the absorbing species, as the s term is squared. In 
contrast, the dispersion signal is linearly dependent 
on concentration. These relationships have been ex- 
perimentally verified for sodium concentrations in the 
range ills ppm. 3+12 It is also interesting to note 
the signal dependence on laser power. Equation (5) 
shows that the signal intensity for the Lorentzian 
term is proportional to 1J2 and therefore should 
increase as the cube of the laser power. The dis- 
persion term increases as &Z and shows a square 
dependence on the laser power. 

In practice, the finite extinction ratio also con- 
tributes to the total intensity at the detector. The 
term Z& should be added to the right-hand side of 
equations (1) and (5) to correct for this. However, 
because the extinction ratio remains constant for a 
given optical alignment and we measure only 
differences in the intensity, this iOr term does not 
invalidate the linear relationships for signal vs. (con- 
centration) in the Lorentzian mode and signal us. 
concentration in the dispersion mode, as described 
above. It does, however, affect the signal us. power 
relationships, and the measured signals do not exhibit 
exact (power)3 and (power)* dependence for the 
Lorentzian and dispersion modes, respectively, if this 
contribution is not first subtracted from the measured 
signal. 

It is clear that we can get larger signals by working 
well away from the extinction position. In fact 0 
should be as large as possible. The noise, however, 
increases as 8 increases, because of the residual 
intensity transmitted to the phototube. A good com- 
promise is to increase B to the point where flicker 
noise in the transmitted probe beam becomes com- 
parable to, but not larger than, the noise from other 
sources. Since Bicker noise here is drastically reduced 
by high-frequency modulation, a gain in detectability 
over the earlier work2 is obtained by working off-null. 

EXPERIMENTAL 

A schematic diagram of the experimental system is shown 
in Fig. 1. It is very similar to the previous system.2 An argon 
ion laser (Control Laser, Orlando, FL, Model 554A) serves 
as the pump laser for the ring dye laser (Spectra Physics, 
Mountain View, CA, Model 380A). The ring laser is oper- 
ated with Rhodamine 6G dye (Eastman Kodak Co., Roch- 
ester, NY) and tuned to the sodium D, resonance line. 

The dye laser beam is divided into three portions by a 
~~-splitter. The first weak reflection from the beam- 
splitter is used as the probe beam. The noise is proportional 
to the probe beam intensity, so, it is better to have more 
light in the pump beam for a given total laser output. The 
probe beam passes through a SO-cm focal length lens and 
then through seleckd positions on the Glan-Thompson 
polarizer and analyzer prisms (Karl Lambrecht Corp., 
Chicago, IL, Model MGT-25-E8-90). The focal point of the 
probe beam lies half way between the crossed polarizers at 
the center of the 6-cm slot burner (Varian Tech&on, Palo 
Alto, CA, Model 02-100035-00). The polarizers are moun- 
ted in rotational stages (Aerotech Inc., Pittsburgh, PA, 
Model ATS-301 R) having 0.0006” resolution. The rotational 
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stages .and burner are mounted on S/8-in. thick aluminum 
plates extending from the edge of the optical-table (Newport 
Research Corp., Fountain Valley, CA) so that the flame can 
be positioned low enough to allow a more rigid mounting 
of the optical components. The portion of the probe beam 
that passes through the analyzer prism is directed through 
a pinhole aperture, a cylindrical light tunnel and a line filter 
(Promfret Research Optics, Inc., Orange, VA, Model 
11-5890-1) before reaching the photomultiplier tube (PMT) 
(Hamamatsu, Middlesex, NJ, Model R928). The PMT is 
operated at -1OOOV dc by a high-voltage power supply 
(EMI Gencom Inc., Plainview, NY, Model 3OOOR). The 
second weak reflection from the beam-splitter is directed to 
a wavemeter (Burleirth Instruments, Fishers. NY. Model 
WA-20) for wavelength calibration. 

The major portion (80%) of the dye laser beam, the pump 
beam, passes through the beam-splitter and the Pockels cell 
electro-optic modulator (Lasermetrics Inc., Teaneck, NJ, 
Model 3030). This pump beam is also focused by a SO-cm 
focal length lens and overlaps the probe beam as it is 
counter-propagate through the flame. The pump beam 
strikes a black beam-stop on the back side of the polarizer 
mount after passing through the flame. Several other pin- 
hole apertures are placed along the beam paths to minimize 
the stray and scattered light reaching the detector. A black 
shield completely encloses the region from the analyzer stage 
on the back side of the PMT enclosure, to reduce back- 
ground from the dye laser cavity. To further reduce scatter 
from the pump beam, the sides and back of the last 
reflecting mirror are painted black. The crossing angle 
between pump and probe beams is minimized to optimize 
the degree of overlap within the flame. 

The linear polarization of the pump beam is modified to 
create left and right circularly polarized light (LCPL and 
RCPL) by the action of the Pockels cell. By proper align- 
ment of the Packels cell and appropriate selection of driving 
voltages, we can produce LCPL and RCPL without the need 
for a Fresnel rhomb.‘” The required voltages are provided 
by a high-voltage driver (Conoptics, Danbury, CT, Model 
23) driven by a-+ 1-V pulse at-150 kHz from a waveform 
generator (Wavetek, San Diego, CA, Model 162). This 
makes the present system simpler than that described pre- 
viously and allows more stable modulation at high fre- 
quencies? To verify the m~ulation of LCPL and RCPL, we 
insert a Fresnel rhomb (Karl Lambrecht Corp., Chicago, 
IL, Model ER4-25-580) and a Promaster polarizing filter 
(Photographic Research Org. Inc., Fairfield, CT) into the 
Dumo beam near the burner. The rhomb converts LCPL and 
kC$L into horizontal and vertical linearly polarized light 
(LPL). The polarizer discriminates between the linear polar- 
izations, producing amplitude modulation. The degree of 
modulation is detected by a photodiode (Hamamatsu Corp., 
Middlesex, NJ, Model Sl790) after passing through a 
neutral density filter of optical density 0.5 and is displayed 
on an oscilloscope (Tektronix, Beaverton, OR, Model 
7904). The signal from the PMT is sent to a lock-in amplifier 
(EG&G PARC, Princeton, NJ, Model 5202) which is also 
synchronized to the modulation frequency of the waveform 
generator. A 1 or 10 set time-constant is used. The demod- 
ulated signal from the lock-in amplifier is displayed on a 
chart recorder (Measurement Technology Inc., Denver, CO, 
Model CR452). 

A standard stock solution of sodium (2.403 g/l.), prepared 
by dissolving electrolytic sodium hydroxide pellets (Fisher 
Scientific Co., Fairlawn, NJ) in quadruply distilled demin- 
eralized water and stored in a sealed polyethylene bottle, 
was used. Standard sodium solutions were prepared by 
diluting this stock solution with distilled demine~li~ 
water that had been purified by a four-cartridge Milli Q 
system (Millipore Corp., Bedford, MA). The demineralized 
water contains trace amounts of sodium, so the standards 
are actually sodium addition standards. Calibration stan- 
dards were prepared in the range 9.612-96.12 ng/ml added 

sodium, stored in polyethylene bottles and used the same 
day as prepared. 

The standard solutions were aspirated into a laminar 
air-acetylene flame at a rate of 8.4 ml/min for optimum 
signal amplitude. The optimized air:acetylene ratio was 
4.8: 1.0 as-measured on ias Rowmeters (timerson Electric 
Co.. Hatfield. PA, Model 1355-OOAlFAAI. 

The various components in this experimental system are 
optimized separately before any polarization spectra can be 
obtained. Alignment of the argon laser and dye laser is set 
to achieve maximum output power at the desired wave- 
length. The argon laser is servo-controlled at 4.0 W to 
increase power stability. This produces about 80 mW total 
dye laser power at 589.757 nm, the vacuum wavelength for 
the sodium D, line as measured by the wavemeter. The 
probe beam is carefully directed through positions on the 
polarizer and analyzer previously found to give the opti- 
mum extinction ratio. We set the polarizer to give the 
highest transmission of the horizontally polarized probe 
beam. Total probe laser power in the cavity between the 
polarizers is 7.5 mW. Fine tuning of the analyzer is accom- 
plished by monitoring the PMT current (extinction current) 
while rotating the analyzer transmission axis. The crossed 
position is determined as that giving the lowest extinction 
current reading, typically about 1.0 PA. This (maximum 
extinction) alignment is used when obtaining Lorentzian- 
shaped dichroism signals. For observing the dispersion- 
shaped birefringence signals, the analyzer is rotated 0.040” 
counterclockwise away from extinction. Under this condi- 
tion, the PMT current is about 64 PA. The pump beam is 
directed to overlap with the probe in the flame, and the 
modulation is optimized by adjusting the Pockels cell posi- 
tion and the driver input and bias voltages to produce 
approximately 95% modulation between left and right 
circularly polarized light (CPL). 

To set the detection electronics, a solution containing 
sodium is aspirated into the air-acetylene liame. The PMT 
signal is connected to the lock-in amplifier and the phase 
settings are optimized while the dye laser is tuned to the 
absorption maximum. Final adjustments of burner position, 
pump beam overlap with probe, and the Pockels cell bias 
voltage are necessary to produce the maximum sodium 
signal. Proper shielding from scattered pump and flame 
emission is critical in obtaining good signal to noise (SIN) 
ratios. We observe the baseline noise on an expanded scale 
to verify that light scattering from the pump laser is not the 
limiting noise source. When these preliminary optimizations 
are complete, the dye laser wavelength is set to the start 
frequency of the 3dGHz scan range. Sodium spectra are 
collected as the wavelength is scanned from 589.772 
to 589.738 nm (vacuum 2). Scan times vary from 40 to 
400 sec. 

RESULTS AND DLscUSSfON 

Our initial goal was to repeat the earlier work,2 
using higher modulation frequency and a more stable 
optical system. We have the advantage of modulation 
electronics that are more suitable for high frequencies 
than were the electronics used previously (which were 
limited to 800 Hz). The Conoptics driver is capable 
of very stable Pockels cell voltage modulation up to 
the MHz range. The actual voltages applied to the 
Pockels cell are in the range from -200 to +200 V. 
A high frequency lock-in amplifier enables us to make 
use of modulation frequencies above 100 kHz. We 
have also been able to produce highly efficient 
(> 90%) modulation between LCPL and RCPL from 
the Pockels cell directly, without the need for a 
Fresnel rhomb as was used in the earlier work. The 
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Fig. 2. Polarization signals for Na at 1.95 pg/l. (a) Lorentzian signal for 0 = 0”; and (b) dispersion signal 
for I) = 0.040”. Noise in (b) is expanded 100 x . 

reduction in the number of optical components 
needed makes the alignment procedure simpler and 
may improve alignment stability as well. In addition, 
without the need for the rhomb, the pump and probe 
overlap angle can be made smaller, which should 
allow the observation of narrower line-widths and a 
longer interaction length. The former can be im- 
portant in experiments where high spectral resolution 
is critical, but we did not make line-width com- 
parisons in this study. 

We were concerned about alignment stability be- 
cause the extinction ratio of the polarizers is highly 
dependent on beam position. In other polarimeter 
systems, we have seen excessive baseline noise that 
was caused by unstable optical mounts. Therefore, in 
contrast to the arrangement used earlier,2 we decided 
to keep all optical components mounted close to the 
table top, on short rigid mounts. 

Since we did not have access to sodium-free water, 
we used distilled demineralized Millipore-filtered 
water, which was the best purified water available. 
The amount of sodium in an early sample of this 
water was found to be 27 pg/l. by ICP-MS analysis 
with the standard-addition method. We first used a 
crossed polarizer arrangement to examine 
Lorentzian-shaped signals for the sodium D, line. An 
example of a Lorentzian signal for sodium is shown 
in Fig. 2a. We did not observe the previously 
reported’ linear relation between the Lorentzian 
peak height and the sodium concentration C. The 
Lorentzian signal, S,, was instead linearly related to 
C2 as evidenced in a series of samples containing 
O-100 pg/l. added sodium. Three different mea- 
surements of four sodium standards were conducted 
with total laser powers ranging from 30 to 80 mW. 
Each series showed linearity between St and C’, with 

a correlation coefficient r 2 0.999. This is in agree- 
ment with equation (5) and is the expected behavior. 

To evaluate the dependence of the dispersion signal 
on concentration, we rotated the analyzer 0.040” 
counterclockwise from the extinction position. Figure 
2b shows a dispersion signal for sodium in distilled 
demineralized water. Clockwise rotation produced 
dispersion signals of the same magnitude and op- 
posite symmetry. Although larger dispersion signals 
can be obtained with larger analyzer offset angles, the 
baseline noise also increases. We found 0.040” to be 
a suitable angle for collecting dispersion spectra while 
maintaining a good S/N ratio. Each dispersion sig- 
nal, Sn, was measured as the peak to trough mag- 
nitude for the scan. As expected, a linear relationship 
was observed between Sn and C. 

While examining these relationships and at- 
tempting to maximize the S/N ratios for optimum 
detectability, we noticed that the baseline noise at the 
starting frequency of the laser scan, NSr, increased as 
the sodium concentration increased from 10 to 100 
pg/l. One possible explanation for this is that since 
the sensitivity is very high, N,, is actually caused by 
the fluctuating sodium signal in the wings of the 
absorption line. If this is the case, then we can expect 
even less noise at a wavelength further removed from 
the absorption line. We therefore tuned the laser from 
589.772 nm, which corresponds to the starting fre- 
quency, to 589.684 nm, which is one fine etalon-mode 
separation (“hop”) (75 GHz) away. The total laser 
power and the extinction current remained constant, 
so the noise comparisons are valid. At the second 
wavelength, the baseline noise, Nhop, remained rela- 
tively constant for the same set of concentration 
standards. Because the absolute light levels at the 
detector are smaller in the Lorentzian mode, the 
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increase in N,, with concentration is less obvious than 
in the dispersion mode. Since we cannot measure true 
noise fluctuations at the maximum absorption wave- 
length, &,, in the total absence of signal (because 
some sodium is always present), we have chosen to 
use NhoP as the relevant noise measurement for S/N,,, 
and LOD calculations. Although Lorentzian and 
dispersion S/N,,,, ratios for the distilled demin- 
eralized water were similar, the dispersion signal 
facilitated straightforward standard-addition analysis 
and extrapolation to the limit of detection, because of 
the linear relation between Sn and C. Further, the 
dispersion signal is larger because of the square term 
in equation (5). For these reasons, the dispersion 
mode was employed in the final optimizations and 
LOD determinations. 

A second sample of the distilled demineralized 
water was then obtained. By comparison of dis- 
persion signals, it was apparent that the new water 
had a substantially lower sodium concentration than 
the first sample (27 pg/l.). New sodium addition 
standards were prepared with the newly obtained 
water. All experimental parameters were optimized 
for maximum So]NhllP at 150 kHz modulation fre- 
quency and 80 mW total laser power. At this power, 
the pump and probe powers are 65 and 7.5 mW, 
respectively. Dispersion signals were obtained in trip- 
licate for the water sample and for seven other 
addition standards with IO-100 pg/l. added sodium. 
The precision of this analysis is characterized by an 
average RSD of 2%, and good qualitative re- 
producibility of spectral line-shape is observed. 
Linear regression analysis of this data-set for Sn (pV) 
vs. C @g/l. added sodium) gives a straight line of 
slope 222 pV.l.pg-’ and intercept 520 pV. The 
correlation coefficient, r, is 0.9955. The calculated 
amount of sodium present in the water is 1.95 pg/l., 
as determined from the .r-axis intercept in this 
standard-addition method. 

Once the concentration of sodium in the “pure” 
water is known, we can use the So/N,,, ratio for that 
to calculate the LOD for sodium at S/N = 2. The 
actual dispersion signal for these conditions (IO-set 
time~onstant) is shown in Fig. 2b. Both N,, and NhjP 
are also shown at higher sensitivity for the same 
conditions. Using an average of five sodium signals 
(Sn) for this demineralized water and extrapolating 
to S/N = 2, we obtain an LOD of 2 rig/l.. for sodium. 
This shows a significant improvement over the pre- 
vious result* of 30 rig/l.. The magnitude of this im- 
provement is reasonable for the increase in modu- 
lation frequency from 800 Hz to 150 kHz, although 
it was not possible to make a direct comparison of the 
~rfo~ance of this system at the two frequencies, 
because of the low-frequency limit on the lock-in 
amplifier used. We did try other modulation fre- 
quencies between 150 kHz and 1 MHz, but no 

substantial improvement was seen above 150 kHz. It 
is encouraging that we were able to obtain this 
improvement in detection limit even though we used 
only moderate laser powers (P) (e.g., compared to 
earlier work’). We found Sn to be roughly propor- 
tional to P2 and NhoP roughly proportional to P. 

Thus, we expect further improvements in S/N and 
LOD as the Iaser power is increased. 

High-frequency modulated polarization spec- 
troscopy provides detection limits that compare 
favorably with those of other atomic spectroscopy 
methods such as atomic-fluorescence spectrometry 
and graphite-furna~ atomic-absorption spec- 
trometry. It has better stray-light rejection and is 
ideal for highly luminous or highly scattering envi- 
ronments. The technique has similarities to coherent 
forward scattering (CFS), in which a magnetic field 
is used to induce anisotropy in the sample. However, 
the LOD for sodium obtained here is four orders of 
magnitude lower than that reported for laser-excited 
CFS.14 The signals here are larger and the noise levels 
are lower. In conclusion, the detection power of 
polarization spectroscopy for elemental analysis has 
been substantially improved by the use of high- 
frequency modulation to reduce the effects of laser 
flicker noise, so that advantage can be taken of the 
larger dispersion signal. 
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Summary-Sample solutions titrated with Cu’+ Ions are passed sequentially through two ion-exchange 
columns in an automated flow system. The first column is packed with Chelex-100 resin and retains Cu*+ 
ions that are free or derived from copper complexes that dissociate in the column. The second column 
is packed with AG MP-I anion-exchange resin and retains negatively charged Cu(I1) complexes. The 
retained copper species are then eluted from the columns and determined on-line with a flame 
atomic-absorption spectrophotometer. It is necessary to correct for a small fraction of free CL?+ ions that 
pass through the first column and are retained by the second column. The Cu(II)-complexing capacity 
of sample solutions is determined from plots of the concentration ratio of free Cu2+ ions to Cu(I1) 
complexes us. the concentration of free Cu *+ ions. Conditional stability constants of the copper complexes 
are also estimated from these plots. The complexing capacity of sample solutions is also determined rapidly 
by measuring the concentration of complexed Cu(I1) after spiking the sample with an excess of Cu2+ ions. 
The sample solutions tested were 4.OpM NTA, 4.0-mg/l. humic acid, and a river water. 

The determination of trace metal complexing capac- 
ity and conditional complexation constants of ligands 
in natural waters is important in understanding the 
fate and toxicity of metal ions added to natural water. 
The complexing capacity is usually interpreted as the 
total concentration of ligands capable of binding a 
specified metal ion. A number of techniques, includ- 
ing anodic stripping voltammetry (ASV), ion- 
selective electrode (ISE) potentiometry, ion-exchange 
methods, ultrafiltration, dialysis, solubilization, and 
bioassay, have been used to determine the complex- 
ing capacity of natural waters.lm3 

Most methods for determination of complexing 
capacity are based on measurement of the concen- 
tration of a particular fraction of Cu(I1) species in a 
sample solution spiked with free Cu*+ ions. Nor- 
mally, a titration curve is constructed by plotting the 
concentration of the fraction of Cu(I1) species mea- 
sured against the total Cu(I1) concentration added. 
The “break point” in the titration curve is related to 
the Cu(II)-complexing capacity. The measurement 
technique for monitoring the titration process is often 
ISE potentiometry, which responds directly to free 
Cu2+ ions, or ASV, which detects free Cu2+ ions plus 
the so-called “ASV-labile” Cu(I1) (i.e., Cu*+ from 
dissociation of labile complexes). 

*Present address: Dionex Corp., 1228 Titan Way, 
Sunnyvale, CA 94088, U.S.A. 

tAuthor to whom correspondence should be addressed. 

The titration process can also be monitored with 
atomic spectrometric techniques after separation of 
free Cu2+ ions from Cu(I1) complexes by ion- 
exchange techniques. Crosser and Allen4 used Dowex 
SOW X-8 strong cation-exchange resin. After equi- 
libration of the spiked test solutions with the resin for 
24 hr, the concentrations of Cu(I1) in the solution 
were measured by flame atomic-absorption spec- 
trophotometry (FAAS). From the titration plots, the 
ligand concentration and the conditional stability 
constant of the copper complexes were calculated for 
sample solutions of glycine, EDTA and peat extract. 

Stolzberg and Rosins used Chelex-100 chelating 
resin in a one-point determination of the complexing 
capacity of phytoplankton media. After addition of 
an excess amount of Cu2+ ions, the sample solution 
was passed through a Chelex-100 column which 
retains free Cu2+ ions and Cu2+ ions dissociated from 
weak complexes. The concentration of complexed 
Cu(I1) species in the column effluent was determined 
by FAAS and reported as the measure of complexing 
capacity of strong ligands in the sample. Stolzberg6 
and Wood et af.’ applied similar methods to the 
determination of the copper-complexing capacity of 
lake water and sea-water, but did not estimate condi- 
tional stability constants for the Cu(II) complexes. 

Van den Berg and Kramer’ developed a method for 
determining both Cu(II)-complexing capacity and the 
related conditional stability constants of the com- 
plexes, for the ligands in river water and lake water 
samples, based on the adsorption of free Cu2+ ions by 
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a fine dispersion of MnO,. The concentrations of 
Cu(I1) complexes and Cu*+ ions remaining in test 
solutions spiked with free Cu*+ were measured by 
ASV. Van den Berg9*ro also reported the use of the 
MnO, adsorption technique for sea-water. 

In this paper, we present a method based on an 
automated two-column ion-exchange system devel- 
oped recently. ” The application of the method is 
demonstrated by determining the Cu(II)-complexing 
capacities and the conditional stability constants of 
the complexes formed, for 4/.~+4 NTA, 4-mg/l. humic 
acid, and a river water sample. 

EXPERIMENTAL 

Reagents 
Stock and test solutions of Cu(II) and 100 m&l. humic 

acid (HA) were prepared, and natural water samples from 
the Willamette river were obtained and filtered as previously 
described.” Chelex-100 resin (100-200 mesh) in the NH: 
form and AG MP-1 macroporous anion-exchange resin 
(IO&200 mesh) in the OH- form were prepared as pre- 
viously described.” A solution of 0.025M cysteine/O.SM 
NH,/Z.OM NH,NO, was used as the stripping reagent. A 
0.01M NTA solution was prenared from the sodium salt of _ _ 
NTA. 

Preparation of ion -exchange columns 
Two modified 3 mm id. x 50 mm Altex microbore glass 

columnsi were used in the experiments. One column, the 
“Chelex-100 column”, was packed with a water-slurry of 
Chelex-100 resin. The other column, the “Ag MP-1 col- 
umn”, was packed with a water-slurry of AG MP- I resin up 
to about 90% of the column volume and the top 10% was 
then packed with Chelex-100 resin. 

Apparatus 
The automated two-column ion-exchange system and its 

application to determination of the speciation of trace 
metals in natural waters have been described in detail 
elsewhere.” Briefly, a fixed volume of the sample solution, 
loaded in an injection-valve sample-loop, is passed se- 
quentially through the Chelex-100 column and the AG 
MP-I column (which are arranged horizontally) by a carrier 
stream from a constant flow-rate pump. The Chelex-100 
column retains metal ions that are free or derived from 
complexes that dissociate in the column. The undissociated 
anionic metal complexes are retained by the AG MP-1 
column. Next, the metal species are stripped off the columns 
separately with a suitable reagent and detected on-line with 
an atomic-absorption spectrophotometer with an 
air-acetylene flame. The absorbance of Cu at 324.7 nm was 
monitored in all studies in this paper. All operations (e.g., 
sample-loading, column-elution, regeneration of the resins 

with 2M ammonia solution, data-acquisition, etc.) were 
controlled by a microcomputer. 

Instrumental parameters were similar to those used pre- 
viously,” except as noted below. The column washing time 
during the elution step is increased from 40 to 70 set for the 
Chelex-100 column to ensure complete removal of Cu(I1). 
After each sample run, the carrier buffer solution (0.02,~ 
ammonium acetate, pH 6.8) is passed through the ion- 
exchange columns for 150 see before the next run, to remove 
any of the stripping or column regeneration reagents that 
are still in the flow-path. The sample loop volume was 
I.0 ml. The flow-rate of the carrier buffer stream was 5.0 
ml/min. The throughput rate of the system is about 6 
samples/hr. 

Procedures 
Solutions of 1.26, 2.52, 5.04, 10.1, 18.9, 31.5, 63.0, 126, 

252,441, and 630pM Cu(I1) were prepared in each complex- 
ing medium tested and in O.OlM ammonium acetate and 
were adjusted to pH 6.8. These solutions were analyzed with 
the two-column ion-exchange system. The concentration of 
Cu(I1) species retained on the AG MP-I column was 
measured for each of the solutions and treated as a titration 
data-point. 

For each complexing medium tested, freshly-packed 
Chelex- 100 and AG MP- I columns were used because it was 
found that the retention efficiency of the Chelex-100 column 
for Cu2+ decreased somewhat when the column was used for 
more than 10 hr. To determine the retention efficiency of the 
Chelex- 100 column for Cu*+ , the 126, 252,441 and 630pM 
Cu*+ solutions in O.OlM ammonium acetate, adjusted to pH 
6.8, were analyzed with the two-column system to determine 
the concentration of free Cu2+ retained by the AG MP-I 
column. 

The complexing media tested were 4.OpM NTA, 4.0-mg/l. 
HA, and the Willamette River water sample. All solutions 
were prepared about 8-12 hr before measurement, to allow 
equilibration of the Cu*+ spikes with the sample solution. 

RESULTS AND DISCUSSlON 

Two-column measurement scheme 

The basis of the scheme is shown in Fig. 1. Being 
a chelating resin, Chelex-100 binds most free 
transition-metal ions strongly and competes with 
other organic ligands for trace metal ions bound to 
them; some weakly complexed metal species can thus 
be dissociated and contribute to the fraction of metal 
species retained by the resin. AG MP-1 resin is a 
macroporous strongly basic anion-exchange resin 
which has been shown to retain anionic metal com- 
plexes and some metal ions strongly associated with 

Chslex-100 Resin 

1 

Sample 
with Cu*+ 

Ion Addition 

Chelex-100 Column 

I 

Most cd* Ions Some Cu*+ ions 
and 

Labile Cu(ll) Complexes 
and 

Non-labile Cu(ll) Complexes 

Fig. 1. Two-column ion-exchange measurement scheme. 
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negatively charged organic colloidal matter such as 
humic acid.” 

In batch experiments, where a test solution con- 
taining Cu*+ ions is in contact with Chelex-100 for a 
sufficiently long time, equilibrium is established be- 
tween Cu*+ in solution and Cu*+ bound by the 
iminodiacetate chelating group (R) on the resin 
[Cu*+ + R(NH,),eCuR + 2NH:], and the follow- 
ing equation applies: 

K’ - [CuRI 

=“’ - [Cu*+](c, - [CUR]) 
(1) 

where K& is the conditional stability constant for 
complexation of Cu(II) with the iminodiacetate che- 
lating group on the resin, [CUR] the concentration of 
the Cu2+ retained by the resin, [Cu”] the concen- 
tration of Cu*+ ion left in the solution, and ck the 
total concentration of the chelating groups on the 
resin. If [CUR] is much smaller than cR. equation (I) 
may be rearranged to: 

ORI 
cR K;luR = - 

[cd+] (2) 

In a column experiment, a plug of test solution 
containing Cu *+ ions is passed through the Chelex- 
100 column at a given flow-rate. For this study, the 
sample volume (1 ml) is greater than the void volume 
of the packed column (h 0.12 ml). Most of the Cu*+ 
ions in the solution are retained by the Chelex-100 
column, but a small fraction is not. The quantity of 
Cu2+ ions in the column effluent is much greater than 
that predicted by the batch model as described by 
equation (2) and estimates of K& and cR (about 10” 
and 0.3 meq/ml of resin bed). Possibly, some of the 
Cu*+ ions follow a flow-path through the column 
such that they do not contact the chelating functional 
groups on the resin beads, or possibly channelling 
may occur. Hence the kinetics of the transport rather 
than the kinetics of complexation by the resin may 
limit the quantity of Cu2+ ions retained. 

The batch model therefore cannot be applied to the 
column experiment, but the efficiency (E) of the 
Chelex-100 column for retention of Cu2+ can be 
described empirically by 

E _ 2 _ p+& = CC” - [cu*+12 (3) 
2 Ku2+12 

where N, is the number of moles of Cu2+ ions 
retained by the Chelex-100 column, and N2 is the 
number of moles of Cu2+ ions that pass through the 
Chelex-100 column and are retained by the AC MP-1 
column. Most (> 95%) of the Cu2+ ions not retained 
by the Chelex-100 column are retained by the AC 
MP-1 column.” 

It is assumed in further discussions that the dis- 
sociation rate constant of the CuL complex is 
sufficiently large for Cu*+, L, and CuL to be in local 
equilibrium at all points in the Chelex-100 column. 
K&_ can be defined as the value calculated from the 
effective concentrations of Cu*+, L, and CuL in the 
solution leaving the Chelex-100 column (i.e., [Cu*+]*, 
L12, and PJLI,). 

The second and third forms of equation (3) are The solution leaving the Chelex-100 column con- 
written in terms of effective concentrations [defined tains both Cu*+ and CuL, which are retained by the 
as the number of moles of Cu(I1) retained by a Chelex-100 resin and the AC MP-1 anion resin re- 
column, divided by the sample volume]. [Cu’+], and 
[Cu*+]* are the effective concentrations of Cu2+ ion 

spectively, in the AC MP-1 column (if CuL is nega- 
tively charged). Then the total amount ([Cu],) of 

retained by the Chelex-100 and AC MP-I columns, copper retained by the AC MP-1 column can be 

respectively; cc” is the total copper concentration in 
the original sample solution. Effective concentrations 
are used in the further discussion and are determined 
by comparing the area of the copper elution peak for 
a test solution with that for an equal volume of a 
standard Cu*+ solution. Note that the true concen- 
trations of Cu2+ ion bound to the resin and in the 
carrier stream, vary along the length of the column 
and with time when the sample passes through the 
column. 

To determine E, the third form of equation (3) is 
employed. A series of Cu2+ ion standard solutions 
(without ligand present) of concentration high 
enough for the amount of Cu2+ retained by the AC 
MP-1 column to be detectable, is injected into the 
system. Under these conditions, the absorbance of 
the elution peak for the Chelex-100 column is outside 
the linear range of response of the AA spec- 
trophotometer, so [Cu’+], is taken as the difference 
between cc, and [Cu*+]*. A plot of (cc, - [Cu*+],) us. 
[Cu2+12 is constructed for a series of Cu2+ standard 
solutions, and E is determined from the slope; it is 
typically 20&300. The value of E is affected by 
variables such as pH, flow-rate, Chelex-100 resin 
particle-size, column length and column packing. 
However, the retention efficiency is a constant for a 
given column if all these variables are kept constant 
and the amount of Cu*+ ion retained is much smaller 
than the resin capacity, as is the case in this study. 

In a sample solution containing Cu*+ ion and 
a ligand, L, the complexation equilibrium 
(Cu’+ + L e CuL) is described by 

Kx = 
w-1 w-1 

[cu*+][L] = [Ct?‘](c, - [CUL]) 
(4) 

where K,& is the conditional stability constant and 
cL is the total concentration or complexing capacity 
of the ligand. 

As a plug of sample solution moves through the 
Chelex-100 column, the concentration of Cu*+ ion in 
the solution decreases to a small fraction of the initial 
concentration, which can result in some dissociation 
of the CuL complex. Thus the concentration of CuL 
in the solution leaving the Chelex- 100 column may be 
lower than the initial concentration entering the 
column. 
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obtained from: 

[Cul, = [cu*+], + [CUL], (5) 

In the two-column scheme, [Cu], is determined 
from the area of the elution peak for the AG MP-1 
column. The value of [Cu2+12 is calculated for a given 
initial total Cu(II) concentration by using the mea- 
sured retention efficiency, E, of the Chelex-100 col- 
umn used: [Cu*+], = ([Cu*+],)/E = (cc, - [Cu],)/E. 
[CuL], is obtained from the difference between [Cu], 
and [Cu*+],. It is assumed that any Cu*+ ions re- 
leased by dissociation of the Cu(I1) complexes in the 
Chelex-100 column are retained there with the same 
efficiency as the Cu *+ ions in a ligand-free sample 
solution. It might be expected that the Cu2+ ions 
released from dissociation of Cu(I1) complexes fur- 
ther down the column would be retained with a 
lower efficiency. In other studies” it was found that 
when a Cu(II)-glycinate solution in which all the 
Cu(I1) was initially complexed was passed through 
the Chelex-100 column, over 99% of the Cu(I1) was 
retained by the column. This demonstrates that the 
retention efficiency for Cu*+ ions released by dis- 
sociation of the Cu(I1) complexes is greater than 100 
and reasonably close to that measured for ligand-free 
solutions. For titration points with c,,>>[Cu],, the 
contribution to [Cu*+]* from dissociation of Cu(I1) 
complexes would be expected to be lower (i.e., the 
degree of dissociation would be much less than 
100%). 

Equation (4) is rearranged to equation (6) to 
determine the Cu(I1) complexing capacity and to 
estimate K&. 

[CU2f]* [cd+]* + I 
-= 
DJ-12 CL GLCL 

(6) 

The experimental data are fitted to equation (6) by 
constructing a plot of [Cu’+],/[CuL], us. [Cu*+]* for 
a series of solutions containing different known 
amounts of Cu(I1) in a given sample or ligand 
medium. The plot gives a straight line with slope l/c,. 
The conditional stability constant, KhUL, can be 
obtained by dividing the slope by the intercept. In all 
cases, the slope and intercept were estimated by a 
linear least-squares fitting procedure. 

If there are two different hgands, Ll and L2, in the 
sample solution, the effective concentration of com- 
plexed Cu retained on the AG MP- 1 column becomes 

[CUL], = [CULI], + [CuL2], (7) 

In this case, a plot of [Cu*+],/[CuL], vs. [Cu*+]* is not 
linear. To determine the Cu(I1) complexing capacity 
and conditional stability constant of Cu(I1) with each 
hgand, an estimation procedure similar to that of van 
den Bergi is used. 

When the total Cu(I1) concentration is low, if 

K&L, >> K&,,, and cLI N cL2, the formation of CuLl is 
predominant (i.e., [CuL], _ [CuLlI,). A plot of 
[Cu*+],/[CuL], vs. [Cu*+]* is then approximately lin- 
ear and is used to obtain initial estimates for c~, and 

KhuL,. The estimated value of [CuLl], is calculated 
for each titration point from 

The calculated value of [CuLl], is used to estimate 
[CuL2],, at the higher total Cu(I1) concentrations, by 
use of equation (7). A plot of [Cu2+],/[CuL2], us. 
[Cu*+], then gives the first estimates of cL2 and K&,,, . 
These estimated values are then used to correct the 
contribution of [CuL2], to [CuL], by using an equa- 
tion similar to equation (8) (i.e., with L2 substituted 
for Ll) to obtain better estimates of [CuLl],. A plot 
of [CU*+]~/[CUL~]~ us. [Cu*+]* is constructed to ob- 
tain the second estimates of cL, and KLuL,. The final 
values of cL,, K&, , cL2 and K&,,, are found by 
several such iterations. 

Application to water samples 

An example of a plot of (cc, - [Cu*+],) us. [CU*+]~ 
for the determination of the retention efficiency of 
Cu*+ by the Chelex-100 column is shown in Fig. 2. 
For each study (i.e., each type of complexing me- 
dium), a new Chelex-100 column was used and E was 
determined. The values of E found were 190(3), 
259 (5) and 235 (7) for the Chelex-100 column used 
for the 4.OpM NTA, 4.0 mg/l. HA, and Willamette 
River water sample solutions, respectively, with the 
standard deviations given in parentheses. The vari- 
ation in the retention efficiency is possibly caused by 
slight differences in the packing of each Chelex-I00 
column. 

The titration curve for the NTA solution is shown 
as curve (a) in Fig. 3. During the early stage of the 
titration, the effective concentration of Cu(I1) species 
retained by the AG MP-1 column, [Cu],, increases 
rapidly with the total Cu(I1) concentration because a 
major fraction of the Cu(I1) added to the sample 
solution is complexed. The rate of increase of [Cu], 
decreases as the titration proceeds. After the com- 
plexing capacity is exceeded, the titration curve has a 
constant slope and the increase in [Cu], is solely due 
to the contribution of Cu*+ ion not retained by 
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Fig. 2. Plot of (cc, - [Cu*+],) vs. [&*+I2 for the Chelex-100 
column used for the 4.0pM NTA. 
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Fig. 3. Typical titration curves with the two-column Fig. 5. Corrected titration curve for the 4.0 mg/l. HA 
method. solution. 

the Chelex-100 column. The effective concentration 
of et@, [cu*+]2, calculated from the retention 
efficiency, E, for each titration point is shown by 
curve (b) in Pig. 3. 

The effective concentration of the complexed 
Cu(II) species, [CuL],, for each titration point is 
obtained from the difference between [CuL], and 
[CU~+]~. The resulting corrected titration curves 
([CuL], us. cc,) are shown in Figs. 4-6. [t&L], in- 
creases and reaches a plateau as the total Cu(I1) 
concentration increases. The Cu(I1) complexes in the 
sample solution dissociate to some degree, owing to 
the decrease in the free Cu*+ concentration as the 
sample solution passes through the Chelex-100 col- 
umn. This degree of dissociation and hence the shape 
of the corrected titration curve depend on the reten- 
tion efficiency of the column, the stability constants 
and dissociation rate constants of the Cu(I1) com- 
plexes, and the complexing capacity of the ligands. 
For a given compiexing capacity (i.e., the total ligand 
concentration), the plateau of the corrected titration 
curve is reached at higher total Cu(I1) concentrations 
for weaker ligands (i.e., a higher Cu*+ concentration 
is required to shift the equilibrium so that essentially 
ail the hgand ions are compIexed). If the stability 
constants of the Cu(I1) complexes are too low, the 
plateau of the corrected titration curve may not be 
reached at a reasonable total Cu(I1) concentration. 
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The CuL concentration at the plateau of the 
titration curve indicates the Cu(I1) complexing capac- 
ity of the sample solution, because all the ligands in 
the sample solution are effectively saturated when the 
concentration of added Cu2+ ion is high enough. 
Note that these three complexing media have similar 
Cu(I1) complexing capacity, but the humic acid and 
iigands in the river water samples form weaker Cu(II) 
complexes than does NTA, since the plateau in their 
titration curves is reached at higher Cu(I1) concen- 
trations. 

Plots of [Cu2+],/[CuLJ2 us. [Cu2+12 were construc- 
ted for the three complexing media as shown in Figs. 
7-9, For the NTA solution, the curve of 
[Cu*+],/[CuL], us. ]CU’+]~ is linear, as expected for 
the 1: 1 Cu(IIkNTA complex. For the humic acid 
solution and the river water, the curves are nonlinear. 
To determine the Cu(I1) complexing capacity and 
conditional stability constants, the titration data for 
the NTA solution were analyzed with the one-l&and 
model. The titration data for the humic acid solution 
and the river water sample were analyzed with both 
one- and two-iigand models. With the two-ligand 
model, the first four titration points for the humic 
acid solution and the first five for the river water were 
used to obtain the estimates of cr, and K&,,, . Later 
titration points were used to obtain the estimates of 
cL2 and K;,,,. 

160 300 460 600 

T&i Cu@) concrntntton, tat6 

Fig. 6. Corrected titration curve for the Witlamette River 
water sample. Fig. 4. Corrected titration curve for the 4.0@# NTA. 
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Fig. 7. Plot of [Cu2+],/[CuL], IX. [Cu2+], for the 4.Op.M 
NTA. 
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Fig. 8. Plot of [Cu2+],/[CuL], us. [Cu2+], for the 4.0 mg/l. 
HA solution. 

Table 1 summarizes the Cu(II) complexing capaci- 
ties and conditional stability constants found by the 
one- and two-ligand models. It is noteworthy that the 
total complexing capacity obtained from both models 
agrees well with the [CuL], value at the plateau of the 
titration curve. This indicates that the total complex- 
ing capacity of the sample solution can also be 
determined rapidly with a single titration point on the 
plateau region of the titration curve. For example, the 
results suggest that the Cu(I1) complexing capacity 
of a sample solution with cL of - 1pM and 
log K& = 7-8 can be rapidly determined with a 
single addition of copper yielding a total Cu(II) 
concentration of 630ptM. 

Fig. 9. Plot of [Cu2+],/[CuL], us. [Cur+], for the Willamette 
River water sample. 

Because it forms essentially only a negatively 
charged 1: 1 complex with Cu*+ under the experi- 
mental conditions, NTA was chosen as a model 
ligand to test the two-column measurement method. 
The conditional stability constant found for the 
Cu(II)-NTA complex was log K’ = 8.64, which is in 
reasonable agreement with the value log K’ = 9.26 
calculated from the literature value I4 with adjustment 
to the conditions (pH 6.8 and ionic strength O.OlM) 
used in the experiment. However, the total concen- 
tration of NTA found was lower than expected, 
which might indicate slightly incomplete retention of 
the complex by the AG MP-1 column. 

The results obtained for the humic acid and river 
water generally agree with those reported for similar 
samples. Van den Berg and Kramer’ reported the 
Cu(I1) complexing capacities of a fulvic acid solution 
and a river water to be 2.2 and 2.5pM, with 
log K’= 7.8 and 8.5 at pH 7.6. Hart and Jones” 
found (by an ASV method) that the Cu(I1) complex- 
ing capacity of a creek water sample was about 
0.2pM, with K’ about lo* at pH 6.0. Using an ISE 
method, McKnight et ~1.‘~ showed that aquatic humic 
substances could be modeled as having two types of 
Cu(II)-binding sites: one with log K&,, 2: 6 and 
cL, = 1.0 f 0.4@4 per mg of C and the other with 
log K&,, N 8 and cL2 = 2.6 f 1.6pM per mg of C, at 
pH 6.25. 

The complexation of Cu(II) by the ligands in 
humic acids or natural waters is very complex and 

Table 1. Cu(II) complexing capacity and conditional stability constants of ligands in three complexing media 
(mean & standard deviation)* 

One-ligand model Two-ligand model 

Samplet DW,,,, , PM Q,P’M log K&L c,,,PM lo&? K;3”LI cur PM log K&2 

+ITA 3.51 &- 0.05 3.64 + 0.01 8.64kO.12 - - - - 

HA 3.61 k 0.03 3.70 k 0.06 7.45 f 0.21 1.30 * 0.09 8.42 k 0.95 2.46+0.11 7.00 f 0.23 
River 3.56 + 0.05 3.68 + 0.16 6.78 + 0.13 0.72 + 0.08 8.03 k 0.91 3.28 f 0.32 6.28 k 0.12 

*The standard deviations in the values of C~ and log K&,_ are calculated from the standard deviations of the slope and 
intercept of the linear least-squares fit of titration data to equation (6). The standard deviations in [CuL],, are the 
standard deviations of data on the plateau of the titration curve of [CuL], us. cc,. 

tNTA = 4.OpM NTA solution, HA = 4.0 mg/l. humic acid solution, and River = Willamette River water sample. All 
solutions were buffered at pH 6.8. 
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cannot be fully described with the one- or two-ligand 
models. The hgands in such samples are a multitude 
of different species that contain complexing sites of 
different strengths. Thus the conditional stability 
constants determined represent weighted average val- 
ues of a distribution. Recently, there have been some 
reports on discrete and continuous multiligand metal- 
binding models and their app1ications.‘7-‘9 

The values of log Kc,,, obtained for the humic acid 
solution and river water sample have relatively large 
standard deviations, possibly because only a few data 
points were obtained in the initial portion of the 
titration curve. To obtain better estimates for 
log K&., and cLI , the sample solution could be spiked 
with very small amounts of Cu2+ ions. A larger 
sample loop (e.g., 10 ml) could be used to increase the 
preconcentration factor to allow small concentrations 
of complexed Cu(I1) to be determined with better 
accuracy. 

One potential problem associated with the two- 
column measurement scheme is that nonlabile natu- 
ral metal complexes and metal ions strongly associ- 
ated with very large colloidal matter may not be 
retained by AG MP-1 resin” because it is an anion- 
resin with a molecular exclusion limit of 7.5 x 104. It 
was found that there was about 4% of this fraction 
present for 0.32-mg/l. Cu(II) in the 4.0-mg/l. HA 
solution. Thus, the Cu(II) complexing capacity deter- 
mined by the method is operationally defined and 
may be slightly negatively biased. 

The data treatment scheme used in this study 
assumes that the species Cu2+, L, and CuL are in 
equilibrium when they leave the Chelex-100 column. 
However, if CuL is nonlabile, equilibrium may not be 
reached in the time-scale of the experiment (the 
contact time of the sample solution with the resin in 
the Chelex-100 column is only about 1.4 set). In the 
limiting case when CuL does not dissociate at all, 
because of very slow dissociation kinetics, the mea- 
sured effective concentration of CuL would be equal 
to the concentration of CuL in the original sample 
solution even at the titration points corresponding 
to low total Cu(I1) concentrations. The conditional 
stability constant determined by using equation (6) 
would be larger than the true value, but the complex- 
ing capacity determined would still be correct. For 
very strong complexes (e.g., CuEDTA*-), dis- 
sociation in the Chelex-100 column is insignificant 
and the lability of the complexes is immaterial when 
the ligand concentrations are at pcM level. When, 
there is no curvature in the corrected titration curve, 
the intercept in the plot of [Cu2+],/[CuL], US. [CU~+]~ 
is indistinguishable from zero, and the stability con- 
stant cannot be estimated. 

For the three complexing media tested, the 
significant curvature of the corrected titration curves 
shows that significant dissociation of Cu(I1) com- 
plexes occurs in the column. The measured effective 
concentrations of CuL for the titration points corre- 
sponding to low total Cu(I1) concentrations are rea- 

sonably close to the equilibrium effective concen- 
trations in the solution leaving the Chelex-100 
column, estimated from the measured values of E, 

log GuL, and cL, and smaller than the calculated 
concentrations of CuL in the original sample solu- 
tion. This demonstrates that the assumption of equi- 
librium between Cu2+, L and CuL in the solution 
leaving the Chelex-100 column is a reasonable ap- 
proximation for the ligands studied. 

CONCLUSIONS 

The automated two-column ion-exchange system 
provides a new rapid method for determining the 
trace-metal complexing capacity of ligands in natural 
waters. Compared to other ion-exchange methods, 
the two-column method is simple and rapid, owing to 
the automation of the measurement process. One 
distinct characteristic of the method is that the 
complexed metal species are preconcentrated and 
measured directly. In most methods, the free metal 
fraction is measured and used to calculate the com- 
plexed fraction. The ability to measure the complexed 
fraction directly allows a rapid (10 mm), one-point 
determination of complexing capacity. 

The measurement scheme can also be used to 
estimate conditional stability constants in a certain 
range for ligands in natural water. To determine 
the stability constants more accurately, it would ‘be 
necessary to develop a model that accounts for the 
concentration profiles of all species along the Chelex 
column. At present the model used gives order-of- 
magnitude estimates of the stability constants, in a 
certain range, if the dissociation of the complex is 
relatively fast in comparison with the rate of passage 
through the column. If the corrected titration curve 
exhibits no curvature, the stability constants cannot 
be estimated. 
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Summary-Near-infrared reflectance spectrometry of blood serum can yield values for serum cholesterol 
that correlate reasonably well (r = 0.96) with those from common reference analytical methods. However, 
the variability of serum can cause ostensibly validated calibrations to fail on new samples. The 
determination of blood components such as cholesterol and triglycerides by near-infrared reflectance is 
complicated by their low concentrations, the variety of forms in which they appear, and by the natural 
variability of the blood matrix. These difficulties, when combined with the problems encountered in 
obtaining a representative sample from a given individual, can make it almost impossible to select, by 
a regression procedure, a wavelength combination that is characteristic of the complete blood matrix. The 
failure of the regression process to find characteristic wavelengths generates a false-sample problem in 
which even small changes at the analytical wavelengths produce a grossly unreliable cholesterol or 
triglyceride determination. 

Epidemiological studies performed over a period of 
years have indicated that reduction of blood choles- 
terol levels significantly reduces the risk of athero- 
sclerosis, ischemia, myocardial infarction and death. 
For some time these data have been cited in experi- 
mental attempts to prevent arterial disease. A 1% 
reduction in plasma cholesterol concentration in indi- 
viduals at risk for cardiovascular disease has been 
shown to reduce the risk of cardiac events in these 
individuals by approximately 2%.’ More recent data’ 
indicate that lowering the cholesterol level improves 
the condition of coronary arteries partially blocked 
by atherosclerotic lesions, and can actually effect 
regression of the disease. These data have been used 
to make a case for creating a target level for total 
blood cholesterol of 185-200 mg/dl, a level below the 
average for the U.S. population. Another report has 
indicated the discovery of a new mechanism by which 
atherosclerosis may initiate high blood pressure, car- 
diac disease, and transient ischemic attacks in the 
brain3 In this report, the accumulation of deposits in 
arterial walls is described as interfering with the 
supply of endothelium-derived relaxing factor 
(EDRF) to muscle fibers, resulting in the onset of 
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vasospasm. Animals fed high-fat diets developed 
atherosclerotic changes in blood vessels, accom- 
panied by impaired EDRF secretion. Switching to 
a normal diet restored endothelial production of 
EDRF, indicating that a low-cholesterol diet may 
actually act to reduce vasospasms in addition 
to bringing about the reduction of atherosclerotic 
lesions. 

Plasma cholesterol itself has been the object of 
considerable research. Cholesterol has been shown to 
be almost totally carried in lipoprotein particles of 
different size, density, and lipid and apolipoprotein 
composition.4 Cholesterol and triglycerides in 
different lipoprotein particles take different metabolic 
pathways, and have different effects on arterial dis- 
ease. High-density lipoproteins (HDLs) have been 
identified as removing cholesterol from tissues (and 
exhibiting a protective effect against arterial disease) 
by a process known as reverse cholesterol transport! 
Apolipoprotein A-I, the principal apoprotein of 
HDLs, activates the plasma enzyme lecithin choles- 
terol acyltransferase, forming nonpolar cholesteryl 
ester and shifting cholesterol from the surface of the 
HDL particle to the hydrophobic core for transport 
to the liver. In the liver, cholesterol can be eliminated 
from the body either as bile acids or as cholesterol, 
but predominantly as the former. Low-density 
lipoprotein (LDL), composed of esterified and 
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nonesterified cholesterol as well as phospholipid, 
transports cholesterol to peripheral cells for mem- 
brane synthesis. Elevated levels of LDL have been 
shown to increase the risk of cardiovascular disease. 

The increase in knowledge of lipoprotein metab- 
olism and atherogenesis has been accompanied by an 
abundance of experiments designed to test a variety 
of treatments for atherosclerosis and hyper- 
cholesterolemia. Dietary studies have suggested that 
foods containing pectin,’ such as grapefruit, and 
calcium pectate,6 such as carrots, onions, and cab- 
bage, may be useful in reducing cholesterol levels. 
Calcium pectate appears to lower cholesterol by 
sequestration of bile acids.” Though the effectiveness 
of fish oils in modifying lipoprotein levels has been 
debated, ethanol in small daily doses has been shown 
to increase levels of HDL, and HDL, (the major 
blood HDL components), leading to a 46% reduc- 
tion in the risk of myocardial infarction.’ Of course, 
ethanol consumption can lead to another set of 
health problems, and use of ethanol to increase HDL 
levels is never recommended.4 Experiments to modify 
cholesterol levels with drugs are continually being 
conducted. Niacin, which in low doses acts as a 
vitamin, when administered in doses of more than 
300 mg/day reduces LDL cholesterol by interfering 
with the initial secretion of atherogenic particles. 
Cholestyramine resin and colestipol hydrochloride 
reduce cholesterol by sequestering bile acids4 New 
drugs, based on the inhibition of HMG (hydroxy- 
methylglutaryl) coenzyme A reductase, break the 
chain of cholesterol synthesis at the mevalonic acid 
stage and appear even more effective in reducing 
cholesterol levels than colestipol, cholestyramine, and 
niacin.8 Finally, surgical remedies for cardiovascular 
disease such as balloon angioplasty (1 SO,OOO/yr in the 
U.S.) and coronary bypasses (220,00O/yr in the U.S.) 
are being augmented by a number of methods in- 
tended to make certain that newly opened arteries 
remain open. Stents (tubes left inside blood vessels to 
hold them open), sound waves from modified litho- 
triptors, and laser catheters made of sapphire-tipped 
optical fibers were all described at the recent 60th 
American Heart Association meeting in Anaheim, 
CA.9 In short, the role of lipoprotein cholesterol in 
cardiovascular disease is becoming increasingly clear, 
and methods for interdiction of the disease are 
becoming increasingly numerous and effective. 

The natural question for the analytical chemist, 
then, is how to identify individuals with hyper- 
lipoproteinemia. On the surface this appears to be a 
question that was answered long ago: clinical blood- 
analysis instruments from Technicon and Dupont,” 
among others, have been available for some time. 
However, concern about the accuracy of the present 
determinations as well as calls for the mass-screening 
of individuals to detect incipient hyperlipo- 
proteinemia have indicated the need for a new, rapid, 
low-cost method of blood analysis. On 5 October 
1987 the National Cholesterol Education Program 

of the National Heart, Lung, and Blood Institute 
released a widely publicized report”.r2 calling for the 
testing of all adults, aged over 20, every five years. If 
the test result is in excess of 200 mg/dl (total serum 
cholesterol) or other risk factors exist (such as being 
male, a smoker, obese, diabetic, hypertensive, or 
having a family history of premature coronary dis- 
ease), then more frequent (as often as several times 
each year) and more complex (simultaneous LDL 
cholesterol determination) testing may be indicated. 
These tests can cost from $11 to $40 apiece, and 
even then do not ensure an accurate reading of an 
individual’s cholesterol levels. A 1985 College of 
American Pathologists Comprehensive Chemistry 
Survey found that 47% of the 5000 testing labora- 
tories volunteering for the survey could not get a 
result within 5% of the true cholesterol value.12 This 
error is significant because clinical risk brackets are 
generally less than 10% wide.‘O Laboratory in- 
accuracies and natural biological variation (which 
can belo as high as 10% even in individuals main- 
tained under metabolic-ward conditions) combine 
“to render a single test virtually meaningless.” Fur- 
ther,12 in order “to be sure [of the actual value] within 
5%, the test.. . need[s] to be repeated five to ten 
times.” Still, a single test remains a better screening 
method than no test at all. 

The large number of tests generated by a mass- 
screening program is made much larger by the num- 
ber of repeat tests necessary to achieve a clinically 
meaningful result, creating an analytical problem 
with a solution that appears expensive in terms of 
both time and money. The development of a rapid, 
low-cost, and completely spectroscopic method of 
analyzing blood with good precision and accuracy 
would be a major step toward achieving the 
mass-screening goal. Work has been done on com- 
pletely spectroscopic cholesterol determinations in 
both the infrared and near-infrared. In the infrared,r3 
simultaneous determinations of relatively pure tri- 
palmitin, dipalmitoyl-DL-a-phosphatidylcholine, and 
cholesteryl palmitate in reagent-grade choloroform 
solution were performed by using 15 wavelengths and 
a multiple linear regression procedure. A training set 
of 85 mixtures of these reagents was required for 
the regression even with these carefully prepared 
samples. Near-infrared determination of serum 
cholesterol in 30 human sera samples (ranging from 
3 to 12mM in 0.3mM increments) by a similar 
multiple linear regression procedure has been re- 
ported. I4 The report described the careful con- 
struction of the training set and regression at 5, 6, 
and 7 wavelengths to give correlations with total 
cholesterol, with r values ranging from 0.92 to 0.93. 

The present report describes not only the near- 
infrared determination of cholesterol and triglycer- 
ides, but also lists a number of factors that often 
thwart such determinations. The pattern-recognition 
spectroscopic analysis of samples such as blood 
serum is complicated by (1) the large number of very 
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similar components present at about the same low 
concentration, (2) the lack of a satisfactorily accurate 
reference method, (3) the natural variability of the 
matrix relative to the components of interest (e.g., 
different diets, fitness levels, and diseases affect the 
lipid distribution in serum), and (4) the difficulty in 
obtaining a representative sample from a given indi- 
vidual (e.g., it is known that both the time the 
tourniquet is left on and the standing or sitting 
position of an individual during sample-drawing can 
affect the cholesterol measurement”). Instrumental 
factors such as drift, inad~uate signal-to-noise ratio, 
and lack of availability of sufficient independent 
wavelengths can also increase the difficulty of 
spectroscopic pattern-recognition. Finally, the large 
number of samples required to represent adequately 
the variability of the population can also become an 
obstacle to developing effective pattern-recognition 
methods. 

EXPERIMENTAL 

Apparatus 
A Technicon InfraAlyzer 400 filter spectrophotometer 

was used to collect near-infrared reflectance data at 18 
different wavelengths. The spectral data were analyzed on 
a VAX II/780 computer (Digital Equipment Corp., 
Maynard, MA). The data-analysis programs were written in 
Speakeasy IV Epsilon (VMS version, Speakeasy Computing 
Corp., Chicago, IL). Serum samples were analyzed in 
a 704 disposable microcell’J designed for use in the 
Technicon spectrophotometer. 

Materials 
The near-infrared method of serum analysis requires no 

reagents. The serum samples were acquired from par- 
ticipants in a “Fitness Fair” conducted by the Indiana 
University School of Medicine in Indianapolis, IN. Blood 
samples were permitted to clot and were then centrifuged. 
The resulting serum was transferred to the micro4 with a 
precision pipet (Rainin Inst~ent Co., Woburn, MA). 
Four scans were taken of each sample and these scans were 
averaged prior to data analysis. 

Reference cholesterol values for the samples were ob- 
tained by using a DuPont aca instrument that was provided 
by the Department of Pathology. The reproducibility of 
measurements taken with such a device is goodto and the 
bias is unfikely to be very large as long as reference samples 
are regularly employed to control it. Additional biochemical 
screening tests were performed with an Eastman Kodak 
Ektachem 700 instrument. 

RESULTS AND DISCUSSION 

An initial experiment was performed with a small 
training set (30 samples) that was carefully assembled 
to cover the entire range of human cholesterol values. 
This experiment is similar to the one described by 
Peuchant et &,I4 where the cholesterol range from 
4 to 12mM was covered by 30 samples in 0.3mM 
increments. To enhance the realism of the test, this 
experiment was performed with unaltered clinical 
samples (no cholesterol added), so total coverage of 
the range from 4 to 12mM had to be approximated 
by samples drawn from the Fitness Fair pool. 
These samples ranged from about 4 to 1OmM 

(156373 mg/dl) total cholesterol (no samples with 
higher cholesterol concentration were available). A 
validation set of 30 samples (i.e., samples not used to 
develop a calibration equation) was also drawn. 

The calibration equation was developed by 
principal~om~nent regression (Speakeasy Com- 
puting Corp.) on the l&wavelength data for the 30 
samples in the training set. The correlation coefficient 
(r) between the experimental values and the fitted 
values for the training set was 0.966, and the corre- 
sponding standard error of estimate (SEE) was 12.4 
mg/di (i.e., RSD = 6%). The calibration equation 
was then applied to determination of the total choles- 
terol values of the validation set. The correlation 
coefficient between the cholesterol values determined 
by the reference method mentioned above and the 
values obtained by application of the calibration 
equation (to the reflectance data for the validation 
samples) was 0.960, somewhat better than had been 
obtained by Peuchant et aLi4 

Unfortunately, such a small number of carefully 
selected samples can easily fail to cover the range of 
variations that can exist in a complex sample such as 
blood serum. Clinical samples an: often affected by 
hemolysis or turbidity, for instance. The presence 
of large numbers of chylomicrons in some samples 
must be expected. Furthermore, the determination of 
total serum cholesterol is really the determination of 
cholesterol contained in a number of particles that 
are quite different. About two-thirds of the total 
cholesterol in plasma is carried in LDL and IDL 
(intermediate-density lipoprotein) particles 21-35 nm 
in diameter. The LDL particles have a surface layer 
that contains about 8% cholesterol, while about 42% 
of the core is formed of cholesteryl esters. The 
remainder of the LDL particles comprises 6% trigiy- 
cerides (found in the core), 22% phospholipids 
(found at the surface), and 22% protein (also found 
at the surface). The principal LDL apolipoprotein is 
apoB (95% of the apolipoprotein content), but traces 
of at least 7 other apoproteins can be found. IDL has 
a surface composition similar to LDL and a core that 
contains more triglycerides (23%) but less cholesteryl 
ester (29%). 

The second-largest carrier of plasma cholesterol is 
HDL, which contains mostly protein (about 50% 
located at the surface), phospholipids (also at the 
surface, about 30%), and esterified cholesterol (in the 
core, about 15%). The major HDL apoli~protein 
is apoA-I (64% of a~lipoprotein content), but 
significant amounts of A-II, C-I, C-III, ARP, and D 
can also be found in HDL particles. This may seem 
already complex enough, but plasma HDL can 
actually be separated into two distinct components, 
HDL, (particles about 10 nm in diameter) and HDL, 
(particles about 7.5 nm in diameter). HDL, has more 
cholesteryl ester (in the core) and phospholipid (on 
the surface) and less protein (on the surface) than 
HDL,. 

Cholesterol and cholesteryl ester are also found 
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in smaller quantities in VLDL (very low-density 
lipoprotein) and chylomicrons as well as in certain 
abnormal lipoproteins. 

If the total cholesterol concentration for an indi- 
vidual were to be partitioned into the six or so major 
particle-environments for cholesterol, the average 
cholesterol concentration in each environment would 
be roughly 30 mg per dl of the total serum. This 
concentration is low by near-infrared standards, sug- 
gesting that a good, general calibration equation for 
cholesterol may be difficult to achieve. Kisner et ~1.‘~ 
discussed the problem of infrared determination of 
cholesterol, and needed 85 three-component training 
samples (prepared as solutions in chloroform, in the 
laboratory) monitored at 15 wavelengths, to develop 
a useful calibration equation. Indeed, larger training- 
set sizes were proposed as a means of generating more 
accurate calibrations, The components interfered 
with one another substantially even though there 
were only 3 of them. The situation is exacerbated in 
the near-infrared, where the signals consist largely of 
overtones and combinations of fundamental infrared 
vibrationsI 

The Fitness-Fair blood-sample pool contained 
normal samples, icteric samples, hyperlipoprotein- 
emit samples, samples from both sexes, samples from 
fasting and nonfasting individuals, samples contain- 
ing drugs, samples that were refrigerated prior to 
analysis and samples that were not, samples with 
hemolysis and turbidity, etc. When all the blood 
samples in the Fitness Fair pool (a total of 162) were 
used to develop a near-infrared calibration equation 
for cholesterol, the standard error of estimate for the 
calibration rose to 365 mg/dl. Dividing the samples 
into two groups and calibrating with 81 training 
samples gave an SEE of 33.5 mg/dl. On the surface 
it appeared that the pool contained a number of 
sample subgroups, each of which might best be 

Inverse Gaussion TCDF 

Fig. 1. An empirical QQ plot of the residuals from the 
ordinary least-squares line through the values for all 
the samples in the pool. Fitting was performed between the 
principal-component spectra and the reference cholesterol 
values. The ordered residuals from the fitting process are 
plotted on the ordinate, and the values of the inverse 
Gaussian theoretical cumulative distribution function (@ -‘) 
are plotted on the abscissa. With the exception of the three 
outlying points at the top of the graph, all the points form 

a single line, suggesting a single group. 
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Fig. 2. An empirical QQ plot of the ordered residuals from 
a robust-fit line through the results for all the samples in the 
pool. Fitting was performed betweeen the principal- 
component spectra and the reference cholesterol values. The 
outlying points at the top of the graph (see Fig. 1) are 
omitted by scaling to expand the range around the 3 lines 

that suggest 3 groups. 

considered separately in attempts to develop a near- 
infrared calibration for cholesterol. 

Leverage effects in least-squares regression force 
calibration lines to the best simultaneous fit through 
all of the groups present in a sample pool.” This 
forced fit increases the error in application of the 
calibration to new samples, and may also obscure the 
fact that subgroups are present. ~te~ining sub- 
group membership from sample spectra is analogous 
to detection of samples that have been tampered with, 
and the extent to which false samples can be detected 
largely determines the suitability of pattern- 
recognition methods for blood analysis. 

Robust methods of regression,” combined with 
quantile-quantile (QQ) plots of residuals from the 
fitting process, are useful in identifying the presence 
of subgroups in spectral data. Distinct patterns 
emerge in these plots, that are indicative of under- 
lying structures in the data.” In general, every 
straight line or line segment in the plot corresponds 
to a group of residuals. When the ordered residuals 
from a fitting process are plotted (on the ordinate) vs. 
the inverse Gaussian cumulative distribution function 
(on the abscissa) the slope of each segment in the plot 
is equal to the standard deviation of the correspond- 
ing group of residuals (see Fig. 1). Furthermore, the 
intercept of each line in the plot is equal to the mean 
of the corresponding group of residuals. Finally, 
curvature in lines indicates skew in the residuals. 

The ARCANE multivariate robust regression,20 
based on a repeated-medians procedure2’ and 
weighted multiple least-squares, was used to generate 
a cholesterof calibration line by use of all the test 
specimens obtained at the Fitness Fair. A QQ plot 
of the residuals from the ARCANE fit appears in 
Fig. 2. Some scatter appears in the points because 
they represent actual experimental data, hence the 
best-fit straight line to each cluster is also shown in 
order to delineate the groups better. We will call the 
three groups apparent in Fig. 2 groups 1, 2, and 3. 
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Table I. Probability* of two cholesterol groups sharing the 
same mean level of a background constituent 

Albumin Sodium 

Group 2 Group 3 Group 2 Group 3 
Group 1 88 23 11 2 
Group 2 - 27 - 1 

Protein Triglycerides 

Group 2 Group 3 Group 2 Group 3 
Group 1 82 
Group 2 - :: -! 

24 
45 

Glucose 

Group 1 Group 3 
Group 1 5 63 
Group 2 - 19 

*Probability given as % by a 2-tailed r-test. 

If the sample matrix were the same for each of the 
cholesterol groups, the same cholesterol calibration 
would work for every group. Table 1 gives the 
percentage overlap (P[data I I&: 11, = p2], 2-tailed t- 
test) between two cholesterol groups with different 
albumin, sodium, protein, triglyceride, or glucose 
values. The sodium concentration appears to differ- 
entiate the cholesterol groups most effectively; for 
instance, the probability that groups 2 and 3 have the 
same Na+ concentration is only 1%. Other differ- 
ences can be found between the groups as well, e.g., 
although the overall pool membership was nearly 
75% female, the membership of group 3 was 55% 
male. Interestingly, group 3 also had the lowest 
average cholesterol concentration of the three groups 
(177.5 mg/dl). These compositional differences do not 
lead to distinct spectroscopic groups when the n- 

wavelength spectra are projected as points into an 
n-dimensional hyperspace, however. For example, 
when the BEAST algorithm,‘s a nonparametric 
method of measuring distances in hyperspace, is used, 
the mean distance of the group-2 spectral points from 
the center of the group-l training set is 5.4 standard 
deviations (SDS). (Complete separation between two 
groups of similar size is ordinarily defined as 6 SDS.) 
The mean distance from the center of the group-l 
pionts to the group-3 points is just 4.3 SDS. The 
~mbination of the spectral overlap of the cholesterol 
groups with the prediction error of the sodium cali- 
bration equation is more than enough to prevent 
assignation of a single sample to a single cholesterol 
group on the basis of a sodium concentration deter- 
mined by near-infrared spectroscopy. Of course, sets 
of samples can often be assigned to a certain group 
even when the groups overlap.** Unfortunately, 
while this set-assignment technique is useful for 
process-control applications and exploratory analy- 
ses of multidimensional distributions, its utility in 
serum analysis is limited because sets of samples from 
a given individual are seldom available. 

If additional info~ation vectors could be found 
that resulted in the formation of a space in which the 
groups were all separated by more than 6 SDS, fairly 

accurate cholesterol determinations cotrId still be 
performed by a pattern-recognition technique such as 
principal-component regression. Additional infor- 
mation vectors could be anything from use of new 
near-infrared wavelengths to results from completely 
separate analytical techniques such as chroma- 
tography. If a single serum sample could be un- 
ambiguously assigned to a specific cholesterol group, 
the prediction errors for the three groups would be 
12.5 mgfdl (for group I), 14.7 mg/dl (for group 2), 
and 10.7 mg/dl (for group 3). These prediction errors 
were obtained by dividing each of the three choles- 
terol groups in half, generating a near-infrared cali- 
bration equation with one half of each group, and 
using this to predict the cholesterol concentrations of 
the samples in the other half. While these are accept- 
able errors by themselves, they do not reflect the error 
introduced by improper assignment of a specific 
sample to a certain group. Combining the assignment 
error with the prediction error could be expected to 
raise the prediction error to the level obtained for 
calibration with the entire 162-sample pool. 

Grouping effects similar to those observed in the 
cholesterol system have also been noted in trigly- 
ceride calibrations (see Fig. 3). Perhaps the worst 
problem encountered in performing cholesterol and 
triglyceride determinations with an l&filter instru- 
ment, however, is that even after principal-axis trans- 
fo~ation, the largest signal for both cholesterol and 
triglycerides is found on the same axis (the 8th). 
Cholesterol and triglyceride levels are not particularly 
correlated (see Fig. 4) and thus give substantial 
mutual interference at the analytical wavelengths 
used in our instrument (see Table 2). (It should be 
noted that the filters in the InfraAlyzer were not 
chosen for serum analysis in particular, but instead 
for their suitability for other analyses.) The standard 
error of the trigIyceride calibration based on all 162 
samples in the pool was 52 mg/dl. 

Other blood constituents can also be determined 
with the near-infrared technique; for example, albu- 
min and total protein determinations on the entire 
sample pool produced RSDs of 6 and 4%, respect- 
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Fig. 3. An empirical QQ plot of the ordered residuals from 
a robust-fit line for all the samples in the pool. In this case+ 
fitting was done between the principal-component spectra 

and the reference triglyceride values. 
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Fig, 4. A scatter-plot showing the relationship between 
the reference cholesterol and triglyceride values of all the 

samples in the pool (r* = 0.14). 

ively. These constituents are present at fairly high 
concentrations, however. unfortunately, there is a 
large number of rather similar, partially correlated 
serum constituents present at or near the levels of the 
lipoproteins, greatly complicating the near-infrared 
spectral analysis. In a practical sense, an instrument 
that produces a useful cholesterol result for only half 
the samples seems unlikely to gain wide clinical 
acceptance, even if the instrument is able to tell 
the operator that it cannot predict the cholesterol 
concentration in the remainder of the samples. 
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Table 2. Peak transmission wavelengths 
(nm) of the filters used in the InfraAlyzer . , 

400 (IO-nm FWHM bandpass) 

1654 1794 2116 
1659 1841 2131 
1678 1902 21.58 
1703 1934 2164 
1713 2021 2255 
1726 2087 2305 ::: 

theoretically meaningful will appear to be random 
noise, complicating the problem of analysis. 

Attempts to correlate group membership with 
known parameters of the sample pool indicated that 
the groups are different in a number of ways. To 
a certain extent these differences, too, could be a 
function of the limited number of samples available. 
Determining the source or sources of serum spectral 
subclustering will inevitably require the gathering of 
a larger sample pool. 

The development of a broadly applicable near- 
infrared method of analyzing blood serum, using 
relatively small training sets (30 samples) and a few 
wavelengths (less than 20) in a standard filter instru- 
ment, appears to be confounded by the false-sample 
problem (the problem that arises in pattern- 
recognition when something unexpected appears in a 
sample). Nevertheless, considerable evidence indi- 
cates that accurate near-infrared determination of a 
number of blood constituents is possible. The next 
step is the acquisition of a high S/N training set with 
a thousand or more samples, the full near-infrared 
spectra of which will be analyzed at a few hundred 
wavelengths. 
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Summary-The application of time-resolved emission spectroscopy to the characterization of cyclodextrin 
inclusion complexes of pyrene in the presence of various alcohols is described. Such measurements offer 
a means of selectively studying the characteristics of inclusion complexes in the presence of uncomplexed 
pyrene. The fluorescence lifetimes and formation constants of these complexes are enhanced in the 
presence of alcohols. These enhancements are reportedly due to the formation of pyrene-alcohol-CD 
ternary complexes. 

Cyclodextrins (CDs) have been studied over the past 
several years because of their unique physical proper- 
ties.‘*2 The CD molecule may accommodate appropri- 
ately sized molecules in its hydrophobic interior and 
thus is well suited as an organizing medium in 
aqueous systems. This molecular organizing property 
has been shown to have a marked effect on the 
photophysical properties of an included guest mole- 
cule.3-.5 

The use of fluorescence spectroscopy for the study 
of CD systems has increased.6*7 This is because 
changes in the spectral characteristics of a probe 
molecule such as pyrene provide information about 
the immediate microenvironment in the CD cavity.* 
Changes in the fluorescence intensity as a function of 
CD concentration can be used to calculate formation 
constants for inclusion compounds.9.‘0 In addition, 
the temporal properties and equilibrium concen- 
trations of included fluorophores may be examined 
by using fluorescence lifetime measurements.” 

The interaction of third components with CD 
inclusion complexes has been recently described. 
Much attention has been focused on excimer for- 
mation in the CD cavity.4,‘2 Other studies have in- 
vestigated retardation and enhancement of 
fluorescence quenching due to inclusion of the 
quencher, fluorophore, or both, in the CD cavity.‘3-‘5 
Mixed systems of CDs and surfactants have been 
demonstrated to have unique properties.‘6.‘7 Alcohols 
have been shown to change the inclusion and spectral 
characteristics of a guest molecule.‘s-2’ Changes in the 
apparent hydrophobicity of the CD cavity22 and in 
pyrene fluorescence lifetime have been shown to 
accompany complexation in the presence of alco- 
hols.23 

The introduction of time-resolved emission spec- 
troscopy (TRES) on a nanosecond time scale by 
Ware et al.” provided an experimental method for 
studying emission from systems as a function of 

wavelength and time. A time-resolved (TR) emission 
spectrum may be recorded by scanning with an 
emission monochromator and recording the 
fluorescence intensity at some time after sample ex- 
citation by a nanosecond light source. These mea- 
surements were originally accomplished by use of a 
nanosecond flash lamp and a traveling wave 
photomultiplier.2c26 The technique was quickly 
adapted to time-correlated single-photon counting 
(TCSPC) fluorescence lifetime measurements.2s Vari- 
ous methods of constructing TR emission spectra 
from fluorescence decay curves by using data-analysis 
techniques have also appeared in the literature.27.28 
These methods can be applied when components with 
very different2’ or similar28 decay times are involved. 
Although the methodology for obtaining time- or 
wavelength-resolved fluorescence data is different in 
these newer methods, the resulting goal is the same, 
viz. utilizing the temporal nature of fluorescence to 
elucidate spectral parameters for a given system. In 
this paper, we will review the methodology for the 
direct recording of TR emission spectra by use of 
TCSPC instrumentation for fluorescence lifetime 
measurement, and demonstrate the utility of TRES in 
the study of inclusion complexes of pyrene and 
cyclodextrins in the presence of various alcohols. 

THEORY 

TRES measurements 

In TCSPC measurements (see the monographs by 
Demas29 and O’Connor and Phillips30 for a thorough 
description of TCSPC measurements), data are col- 
lected by using a multichannel analyzer (MCA), 
which sorts into a histogram the times measured for 
excitation-emission events. After the collection of 
several hundred thousand of these events, a 
fluorescence decay curve such as that depicted in 
Fig. la is obtained. In this experimental apparatus, 
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Fig. 1. Perylene time-resolved emission: (a) fluorescence 
decay of perylene; (b) “windowed” perylene fluorescence 
decay; (c) perylene TR emission spectrum for the window in 

(W. 

the analog/digital converter (ADC) in the MCA is set 
to accept voltages (times) covering a large time scale 
relative to the fluorescence lifetime of the sample 
(usually 3-5 times the decay period of the longest- 
lived ~uorophore). If the ADC is adjusted so that a 
narrow time window is accepted, only the corre- 
sponding section of the decay curve will be recorded. 
Figure lb demonstrates this situation. If the total 
number of events occurring in this time window is 
plotted against emission wavelength, a fluorescence 
spectrum is formed. 

Most multichannel analyzers facilitate the TRES 
experiment by allowing the user to sum all of the 
events in a given time window into a single channel 
and sweep through the channels with respect to time. 
This process effectively converts the MCA unit into 
a single-channel analyzer (SCA). As an SCA, the 
MCA unit sums all of the emission events falling into 
the time window defined by the ADC settings, into a 
single storage channel. Data may be taken in this 
channel for any prespecified time, after which data 
are collected in a new storage channel. If the scanning 
by the emission monochromator is synchronized with 
the sweep rate of the SCA, then a fluorescence 
emission spectrum is recorded. The contents of a 
data-storage channel in the selected time window 
correspond to the emission intensity at a given wave- 
length. Figure lc shows the emission spectrum of 
perylene for the time window defined in Fig. 1 b. 

Time-resolved emission spectra directly recorded 
by use of TCSPC instrumentation have spectroscopic 
behavior similar to that of the steady state spectra. 
For example, Fig. 2 shows the effect of emission 
monochromator slit-width on the spectral resolution 
observed for perylene fluorescence. In addition, 

Slit- width 
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Fig. 2. Perylene TR emission spectra as a function of 
emission monochromator slit-width. 

quantitative information can be obtained by using 
the TRES technique. The perylene fluorescence spec- 
tra obtained during the time window defined in 
Fig. 1 b, for different perylene concentrations are 
presented in Fig. 3. A calibration curve can lx 
obtained by plotting the area under the spectral 
envelopes against perylene concentration. Such quan- 
titative measurements must be attempted with care, 
since several factors may introduce errors. Lamp 
emission-intensity and stability can be less than de- 
sired in the pulsed light-source utilized in TCSPC 
measurements. A large change in the lamp intensity 
can produce anomalous data in a quantitative mea- 
surement. Short-term lamp fluctuations can be elimi- 
nated by sweeping through the spectrum quickly, so 
that the lamp intensity is reasonably constant for all 
the wavelengths. The averaging of several spectral 
sweeps also helps to eliminate some of the noise. 
These considerations must be balanced against the 
need to obtain a calibration curve or point as closely 
in time as possible to the measurement of a sample 
of unknown concentration. 

Directly recorded TR emission spectra are also 
susceptible to convolution errors from the lamp. If a 
TR spectrum is recorded for a time window that is 
close in time to the excitation pulse, it will not 
accurately describe the spectral properties of the 
system. Consideration of this type of error is partic- 
ularly important for TRES of short-lived 
fluorophores. In this case, TR spectra can only be 
accurately obtained through techniques which gener- 
ate derived spectra. 27,28 Such techniques rely on a 
global data-analysis scheme which will be discussed 
below. 

450 !%I 
nm 

Fig. 3. Perylene TR emission spectra as a function of 
perylene concentration. 
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Pyrene-cyclodextrin equilibrium 

Time-resolved emission spectroscopy can be 
effectively employed in the study of cyclodextrin 
complexation processes. In many cases, an increase in 
fluorescence lifetime accompanies inclusion of a guest 
molecule in a cyclodextrin. Nelson et al. have shown 
that the fluorescence lifetime of naphthalenes” and 
pyrene23 are substantially changed in the presence of 
CD. The detection and quantification of such inclu- 
sion complexes is readily facilitated by TRES mea- 
surements. 

The equilibrium for the formation of the 1: 1 
pyrene--CD inclusion complex can be expressed as 

where Kf is the formation constant of the complex 
and [I], [Cl, [p] are the equilib~um concentrations of 
pyrene-CD complex, uncomplexed CD, and uncom- 
plexed pyrene, respectively. This expression can be 
simplified if [CD] is >>[P] so that [C] “* CO, and the 
substitution [p] = PO - [I] is made (where C, and PO 
are the analytical concentrations of CD and pyrene). 
Equation (I) then becomes 

When TRES is used, the early fluorescence of the 
uncomplexed pyrene can be gated out, so that the 
measured fluorescence spectrum is that of the longer- 
lived pyrene-CD complex. If the fluorescence spec- 
trum is integrated, the area is proportional to the 
concentration of pyrene-CD inclusion complex. The 
equilibrium expression can then be written as: 

where A, is the area under the TR spectrum of the 
inclusion complex and u is a proportionality con- 
stant. A plot of A, vs. [CD] yields a curve which can 
be analyzed by nonlinear least-squares curve-fitting 
to obtain the formation constant for the complex. 
The form of equation (3) is particularly convenient, 
since LX or PO need not be known in order to find the 
formation constant. 

EXPERIMENTAL 

Pyrene, j?syclodextrin, y-cyclodextrin, and the alcohols 
and diols used in this study were obtained in high-purity 
form from Aldrich and used as received. The pyrene concen- 
tration was held at IptM and the alcohol concentration at 
1% v/v. Cyclodextrin stock solutions were prepared, and 
appropriate volumes were transferred by micropipet to give 
the desired CD concentrations. 

Fluorescence decay curves for pyreneCD inclusion com- 
plexes were obtained by using Photochemical Research 
Associates System 3000 fluorescence-lifetime instrumen- 
tation. Fluorescence lifetimes of the pyrene-CD complexes 
in the presence of various alcohols were obtained by non- 
linear least-squares curve-fitting of fluorescence decay data 
against a biexponential decay model.L’~z3 Time-resolved 
emission spectra were recorded as described in the previous 

Table 1. Fluorescence lifetimes of pyrenecyclodextrin 
complexes in the presence of various alcohols and diols 

Alcohol 

Propyl alcohol 
Isopropyl alcohol 
Butyl alcohol 
se&Butyl alcohol 
Isobutvl alcohol 
retr-B&y1 alcohol 
Cyclopentyl alcohol 
Cyclohexyl alcohol 
Benzyl alcohol 
1,3-Propanediol 
I ,5-Pentanediol 

451 
395 
403 
428 
399 
436 
455 
479 
371 
481 
356 

0.87 320 0.97 
0.88 321 1.04 
0.87 473 1.13 
0.94 417 0.92 
0.86 459 1.06 
0.96 408 1.08 
1.00 470 1.07 
0.98 434 1.02 
1.02 507 0.90 
1.08 425 1.07 
I .08 499 1.06 

section. Each spectrum was scanned fifteen times to increase 
the signal/noise ratio. The gate time was 800 nsec, which was 
approximately five times the decay period of free pyrene. 
This ensured that the fluorescence from free pyrene recorded 
in the TRES of the pyrene-CD complexes contributed less 
than 1% to the total intensity. The spectra were taken over 
the range 360-480nm. with an excitation wavelength of 
340nm. No excimer bands for pyrene were observed. 

The TRES data were integrated by a routine included in 
the MCA hardware. These integrated areas were plotted 
against CD concentration, and nontinear least-squares 
curve-fitting of the data to equation (3) yielded the for- 
mation constants of the complexes. 

RESULTS 

The fluorescence lifetimes of pyrene-CD com- 
plexes in the presence of various alcohols are reported 
in Table I. The fluorescence lifetimes of all these 
complexes are short enough to facilitate TRES mea- 
surements with an 800~nsec gate time. This gate time 
is at most twice the fluorescence decay period of the 
complex, and a substantial portion of the total 
fluorescence of the complex remains to be measured 
by TRES. 

The fluorescence lifetimes reported in Table 1 show 
good agreement with previously reported obser- 
vations of long pyrene-CD lifetimes in the presence 
of alcoho1s.23+3’ The lengthening of pyrene lifetimes by 
inclusion in CD in the presence of alcohols has been 
ascribed to the formation of ternary comp1exes3’ 

The plot presented in Fig. 4 shows that the model 
presented in equation (3) gives an accurate fit to the 
data from TRES analysis of the pyrene-y -CD com- 
plex in the presence of benzyl alcohol. The formation 
constants of such complexes in the presence of vari- 
ous alcohols are reported in Table 2. Many of these 
formation constants indicate that some alcohols can 
produce significant enhancement in the stability of 
the complexes. The formation constants for 
pyrene-jl-CD and pyrene-7 -CD complexes have 
been reported by Patonay et al. to be 277 and 399 
I./mole respectively. All the formation constants 
measured for pyrene-CD complexes in the presence 
of alcohols, reported in Table 2, are larger than those 
measured in the absence of alcohol. Several of the 
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Best fit 

0 TRES area 

[CD3 mM 

Fig. 4. TRES area VS. y-CD concentration for pyrene-y-CD 
complex in the presence of benzyl alcohol, with nonlinear 

least-squares curve-fitting to equation (3). 

alcohols enhance the formation constants of 
pyrene-CD complexes by l-2 orders of magnitude. 

Whereas in previous studies the complexes were 
formed in the presence of 10% v/v alcohol,23 in the 
present work they were formed at a much lower 
alcohol concentration (1%). The reduction in alcohol 
concentration did not produce a substantial change 
in the fluorescence lifetime of the complexes, but 
caused a significant change in the measured for- 
mation constants. For example, the formation con- 
stants for the complexes in the presence of the propyl 
alcohols are over four times greater at the lower 
alcohol concentration. This difference could arise 
from two effects. First, the formation of alcohol-CD 
complexes (2: 1,3: 1, . . .) has been observed,32 and the 
formation of such complexes would be more likely 
at higher alcohol concentrations and could compete 
with the formation of ternary pyrene-alcohol-CD 
complexes. Secondly, at higher alcohol concen- 
trations, the bulk properties of the aqueous solvent 
system are more favourable for the solvation of 
pyrene, so the equilibrium could be shifted towards 
uncomplexed pyrene in such cases. Either or both of 
these effects could account for the increase in for- 
mation constants when the alcohol content is reduced 
from 10% to 1% v/v. 

That the formation constants reported in Table 2 
are dependent on alcohol concentration indicates that 
these are conditional formation constants, and in- 
timately related to the interaction of the alcohol with 
both CD and the pyrene-CD complexes. Nelson ef al. 
have shown that the amount of complex formed at a 
given CD concentration is dependent on alcohol 
concentration.3’ This indicates that there exists, for 
each alcohol studied, an optimum concentration, at 
which maximum enhancement is produced. Thus, if 
a particular alcohol-CD system is needed, this opti- 
mum point must be found. It has been suggested by 
Nelson et al. to occur at approximately the alcohol 
concentration at which each CD molecule is com- 

Table 2. Formation constants of pyrene- 
cyclodextrin complexes in the presence of 

various alcohols and diols 

Alcohol log Kf log Kf 

Propyl alcohol 4.140 3.653 
Isopropyl alcohol 4.356 3.158 
Butyl alcohol 3.197 2.737 
set-Butyl alcohol 3.895 3.801 
Isobutyl alcohol 4.061 2.637 
tert-Butyl alcohol 4.223 3.045 
Cyclopentyl alcohol 4.329 3.461 
Cyclohexyl alcohol 3.713 3.633 
Benzyl alcohol 3.517 4.287 
1,3-Propanediol 3.025 2.340 
1,5-Pentanediol 2.165 3.421 

plexed with one alcohol molecule. This indicates that 
if the alcohol<D complex formation constant is 
known, a reasonable approximation to the point of 
maximum enhancement of CD inclusion-complex 
properties can be determined. 

Not only can the equilibrium for the formation of 
CD inclusion complexes be investigated, but the 
spectral properties of included fluorophores can also 
be observed. Spectral shifts often accompany the 
inclusion of a fluorophore in the CD cavity. In many 
cases, a large excess of CD must be added in order 
for the steady-state emission spectrum to be recorded. 
In some cases, the addition of excess of CD may not 
be favorable since 1: 2 and 2:2 fluorophore-CD 
complexes may form. By use of TRES, the spectral 
distribution of long-lived inclusion complexes can be 
recorded at CD concentrations which ensure 1: 1 
complexation. Figure 5 shows the TRES spectrum of 
the pyrene-$-CD and pyrene-y-CD complexes in the 
presence of set-butyl alcohol. These spectra could be 
obtained by steady-state fluorescence spectroscopy 
only if a large amount of CD were present, so that 
all of the pyrene was present as the 1: 1 complex. For 
many systems this constraint could not be met, since 
high CD concentrations often promote formation of 
the 1: 2 complex. 

0 
550 400 450 

nm 

Fig. 5. Time-resolved emission spectra of pyrene: CD 
complexes in the presence of set-butyl alcohol. 
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CONCLUSIONS 

Time-resolved emission spectroscopy has been 
shown to be a useful technique in the study of 
pyrene-CD complexes, since the emission from py- 
rene overlaps that from its CD inclusion complex. 
Gating out the early fluorescence of pyrene makes it 
possible to determine the longer lived complex. The 
formation constants and spectra of pyreneCD com- 
plexes in the presence of various alcohols have been 
measured by this technique. The TRES mea- 
surements may prove useful in the study of many 
types of inclusion complexes, where equilibrium and 
spectral information is desired. In addition, the en- 
hancement of CD complex properties by alcohols 
could find application in many areas of CD sepa- 
ration techniques. 
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Summary-A system for on-line dilutions in flow-injection analysis (FIA) is described. The system requires 
two flow-through pumps (peristaltic) and a conventional rotary injection valve. No precision timing or 
computer-controlled valves are required. The “cascade” dilution technique is demonstrated by the 
determination of &1.7M chloride. Viscosity effects are studied for samples with viscosities of l-150 
relative to water. Sample-zone volume reduction by splitting streams is combined with dilution by merging 
streams to achieve effective dilution factors of nearly 500. The reciprocal mole fraction is proposed as a 
variable for the ~haracteri~tion of open flow-injection systems and compared with the dispersion 
coefficient. An equation is included to predict this factor as a function only of the flow-rates used in the 
system. The cascade dilution system yields reproducible dilution factors with relative standard deviations 
of less than 3%, with sampling rates up to iOO/hr. 

One of the major benefits of flow-injection analysis is 
a high rate of analysis. Sampling rates of hundreds 
per hour are meaningless if up to 10 min may be 
required to pretreat each sample prior to injection. 
On-line pretreatment and dilution, with sampling 
rates of the order of those of single-line FIA would 
help to fully exploit the benefits of FIA and make it 
compatible with the requirements of process control. 

There have been several designs for on-line pre- 
treatment, including merging streams,’ dialysis,2 gra- 
dient chambers,3 and zone sampling.4 All of these 
techniques perform dilutions; however, each has limi- 
tations. The merging streams method is limited to 
flow ratios less than 1:ZO. Dialysis membranes are 
fragile. Gradient chambers have low sampling rates 
and high reagent consumption. Zone sampling re- 
quires high-precision timing and computer-controlled 
valves. 

We describe here a novel cascade dilution system 
that combines the technology of merging streams 
with on-line sample-volume reduction by stream 
splitting to obtain precise dilution factors from 100 to 
nearly 500. In addition, the reciprocal mole fraction 
is proposed as a useful parameter for the character- 
ization of all open-flow injection systems. 

EXPERIMENTAL 

Apparatus 

Manifold design. The cascade manifold (Fig. I) is con- 
structed from a black PVC block (70 x 45 x 10 mm) 
equipped with a Teflon six-bore rotary valve injector. The 
injector design is described elsewhere by Erickson et al.* 
Three holes of 1.5 mm diameters are drilled through the 
block to mark the inlet and outlets for the V-shaped 
channels. The diameter of the holes is slightly smaller than 
the outer diameter (OD) of the 0.51-mm inner diameter (ID) 
Micro-Line tubing which is used to connect up the system. 
The V-channels are stamped into the PVC block by pressing 

a 2 cm long 1 mm diameter wire, bent at 60”, into the block 
with a hydraulic press. This yields approximately semi- 
circular channels 0.5 mm deep (because the wire does not 
press entirely into the block). These are indicated in Fig. 1 
by the thick “V”s, and the lighter lines represent the 
Micro-Line tubing. All connections are by friction fit. The 
manifold is backed with an acetate film fixed with pressure- 
sensitive adhesive to close the channels. Two mixing coils 
are used, one after the injection valve and one after Ts 
(Fig. I). The lengths of these coils were varied to determine 
their effects on dilution. 

A “blank” system is defined as a system analogous to the 
cascade system, but requiring manual dilution prior to 
injection. A system of this kind is made by placing the 
injection valve after T, and pump 2 in the cascade system. 
The blank system is used as the basis of comparison for the 
cascade system’s dilution effects. 

Pips. Tygon pump tubes with appropriate IDS to 
give the desired flow-rates, and two Ismatec Mini-S 860 
peristaltic pumps are used to propel the solutions. 

Flow ceN design. Two flow cells are used, the first for the 
spectrophotometric determination of chloride, the second of 
low dead-volume for the biamperometric determination of 
chloride, to investigate the dispersion effects of the first cell. 

The s~ctrophotome~c flow cell is home-made, of 
reflected-transmittance type with a 3-mm diameter cavity 
1.5 mm deep, approximately 10 ~1 (as measured with a 
Hamilton syringe) in total volume. The flow cell is made by 
stamping a flow cavity into a white PVC block (7 x 45 x 70 
mm) with a 3 mm ball bearing. Two holes (1.5 mm diameter) 
are drilled at 45” to the block ulane on either side of the flow 
crater. These holes are plumbed with 0.51 mm ID Micro- 
Line tubing. Two l&strand acrylic fiber optic bundles are 
immobilized with epoxy cement (Devcon Five-Minute 
Epoxy) in a black PVC block (10 x 10 x 20 mm). The 
optical surface is polished, centered, and bolted over the 
flow cavity (Fig. 2). 

To prepare a low dead-volume biamperometric flow 
cell, a 0.5 mm channel is drilled into an acrylic block 
(IO x 20 x 25 mm). Counter-bores 5 mm deep and 1.5 mm 
in diameter are drilled to make gush, friction fit connections 
to 0.51 mm ID Micro-Line tubing. The electrodes are 
mounted by drilling two 0.5 mm set holes to intersect the 
flow channel perpendicularly on opposite sides of the block. 
Five-mm sections of 0.5 mm silver wire are connected 
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Fig. I. Schematic of the cascade system manifold. PI and P2 
are peristaltic pumps, S, is the injected sample volume, X1 
and X2 are mixing coils, F,-F, are flow-rates, D is the 

detector, and T,-T., are the V-shaped connections. 

to brass male DB pins by crimping, without solder. These 
electrodes are then heated with a soldering iron and inserted 
into the set holes. The acrylic melts and conforms to the 
electrode shape, thus preventing leakage. The flow channel 
is then redrilled to remove resolidified plastic blocking the 
channel and to make a clean electrode surface. The resulting 
system has essentially no dead-volume (Fig. 3). 

Detectors. The spectrophotometric detector is a Milton 
Roy Mini Spec-20 spectrophotometer. The light-source is a 
Halogen-Bellephot 8 V projector bulb equipped with a 
variable voltage power supply. Transmission of light to the 
cell and of the reflected transmittance signal to the detector 
is by acrylic fiber optic cables. The transmittance signal is 
converted into an absorbance signal by a log converter. 

The low dead-volume flow cell is connected to an IBM 
EC/225 voltammetric analyzer to provide the 200 mV 
potential between the electrades for biamperometric 
measurements. 

Signals are recorded by a Radiometer REA 1 lZ/REC 51 
strip-chart recorder for both detection systems. 

Reagents 

Unless otherwise stated, the cascade system was charac- 
terized by the spectrophotometric determination of chloride 
by displacement of thiocyanate from mercury(H) thio- 
cyanate and its subsequent complexation with iron(II1). The 
intensely red complex is measured at 480 nm.2.68 All sol- 
utions are prepared with demineralized water. All reagents 
are ACS reagent grade. The mercury thiocyanate reagent 
solution is prepared according to RdiiEka and Hansen.’ 
A quantity of 0.3 g of mercuric thiocyanate is dissolved in 
75 ml of methanol, 15.2 g of ferric nitrate are added, and 
after the addition of 2.4 g of concentrated nitric acid the 
volume is brought to 500 ml with water. 

Light Light Out 

Flow In Flow Out 

Fig. 2. Illustration of the reflected-transmittance flow cell. 

Samples are prepared by making appropriate mixtures 
of stock solutions of 0.4M boric acid and 2.OM sodium 
chloride in 0.4M boric acid to yield calibration standards 
with between 0 and 1.7M chloride concentration. 

Samples for viscosity experiments are prepared from 
mixtures of the 2.OM sodium chloride stock and 50% v/v 
glycerol solution for samples with l-4.5 viscosity relative to 
water (t~/a”), 85% glycerol for l&38 q/q”, and 100% 
glycerol for 55-150 q/q”, as indicated in Table 1. 

Flow rate measurements 

Input flow-rates (F, , F,, and reagent) and output 
flow-rates (W, , W,, and W,) are measured. The carrier 
stream input flow is equal to flow-rate F,. The splitting 
stream flow-rate, F,, is equal to the difference between the 
input flow-rate F,, and the output flow-rate, W, . F, is equal 
to the diluent input flow-rate. Because pump tubes of the 
same inner diameter are used for both splitting lines, the 
output flow-rate at W, equals that of the diluent input, and 
the splitting stream flow-rate, F4, equals F,. To confirm 
this, F, was checked by measuring the difference between 
the input at the reagent stream and the W, effluent 
(W, = F, + F,). 

The flow-rate stabilities were evaluated by placing 
Gilmont falling ball flowmeters on-line. There were no 
significant changes in flow-rates after 10 hr of continuous 
operation. The flow-rates for each system tested are listed in 
Table 2. 

RESULTS AND DISCUSSION 

The cascade system (Fig. 1) utilizing the simple 
merging stream technique is combined with on-line 
sample-volume reductions by stream splitting to ob- 
tain the desired dilution. A somewhat similar mani- 
fold was illustrated in 1976 by ROiiEka and Hansen 

1 DB Pin 

DB Pin 

Fig. 3. Illustration of the biamperometric flow cell. 
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Table 1. Per cent glycerol (v/v), nominalI (at 20°C) and measured (at 22°C) relative 
viscosities (q/q’) 

No. 

I 
2 
3 
4 
5 
6 
7 
8 
9 

Glycerol, rtlr1° rllr1° 
% V/V (20°C) (22°C) No. 

0 1.0 I.0 10 
5 1.1 1.1 11 

IO 1.3 1.3 12 
15 1.5 1.5 13 
20 1.7 1.7 14 
25 2.1 2.1 15 
30 2.5 2.4 16 
35 3.0 2.9 17 
40 3.6 3.4 

Glycerol, rlh” rl/rl” 
% v/v (20°C) (22°C) 

45 4.6 4.5 
60 10.6 10 
68 18.4 17 
72 
77 

2 25 
38 

80 60 55 
84 85 80 
88 150 150 

and called “derivative dilution”.2 The system lacked 
the hydrodynamic stability necessary to maintain a 
constant splitting ratio. This was due to the absence 
of flow-through pumps at the splitting streams. The 
discussion of the system was also very limited. Low 
sampling rates (<80/hr) and poor precision were 
observed and the idea was not pursued. 

The technique here utilizes a conventional rotary 
injection valve to inject a sample into the carrier, at 
flow-rate F, . The carrier and diluent can be either a 
buffer or water; in these experiments water was used. 
At T, the sample zone is split, with a flow-rate ratio 
of F,/F, . Flow ratio stability is maintained by the use 
of flow-through pumps at each splitting line. The 
sample-volume reduction produces a sample zone of 
the same concentration as the injected sample. The 
resultant zone merges with diluent at T2. In the 
dilution, the sample-zone volume increases in 
the same proportion, (F2 + FJF,. The sample zone 
is split again at T, with a ratio of F&F, + F,). The 
sample is then “injected” into the reagent stream. 
This system can yield reproducible peaks and 
effective dilution factors of up to 500 with respect to 
the injected sample. 

Dilution factors may be defined in several ways. 
The first and most straightforward definition is con- 
ventional dilution with respect to concentration, or 
homogeneous dilution. Strictly speaking, homo- 
geneous dilutions are never obtained in flow injection 
systems but rather a concentration gradient is formed 
in both the axial and radial directions. Therefore, 
RdiiEka and Hansen9 introduced another definition, 
which expresses an apparent dilution with respect to 
the injected sample concentration, given by the dis- 
persion coefficient, D. The dispersion coefficient for 
the imaginary element of fluid corresponding to the 
peak maximum (Dm“‘) is defined by equation (1). An 
empirical relation to sample volume has also been 
given.’ 

D-” = l/[l - e-kSv] = Co/C = H”1I-l (1) 

where k is 0.693/S,,2 and S,,, is the sample volume 
required to give D”“’ equal to 2, S, is the injected 
sample volume, C” is the concentration of the in- 
jected sample, C is the concentration of the dispersed 
sample at the detector, H” is the “peak” height of the 

steady-state signal, and H is the peak height of the 
dispersed sample. It is important to note that for 
injection volumes less than S,,, there is an approxi- 
mately inverse linear relationship between the dis- 
persion coefficient at peak maximum and S,. 

It is useful to be able to calculate descriptive 
parameters when designing a flow-injection system. 
This is especially important with on-line dilution 
systems when a rough idea of the dilution factor is 
required. In addition to D, we use another variable to 
describe the cascade system, the reciprocal mole 
fraction (X-t). 

The dispersion coefficient can be calculated as a 
function of the dispersion factor (fl,,2). In a closed 
system, analogous to chromatographic systems, the 
dispersion factor /3,,2 can be calculated by statistical 
moments. Specifically, the sum of the peak variance 
(flow-independent) contributions is equal to the 
overall peak variance, a:,,. The square root of this 
variance is related to the dispersion factor as follows: 

B,,2 = Q,&/W2 (2) 

Hungerford” has shown that the dispersion factor is 
inversely proportional to the dispersion coefficient 
when D”” is greater than 2. Because the variances are 
not usually flow-independent and this FIA system is 
not closed, this relation cannot be used. In short there 
is no way to calculate the expected dispersion 
coefficient in the cascade system. 

The reciprocal mole fraction [X-’ defined by 
equation (3) below] is another parameter used in this 
laboratory to characterize FIA systems. It is very 
useful in “open” FIA systems where not all of the 
injected material travels to the detector. Some open 
flow-injection techniques are dialysis, gas diffusion, 

Table 2. Summary of flow-rates (F,-F,), ml/min, 
and calculated reciprocal mole fractions (X-r) for cascade 

systems Cl,Cl,; X-’ calculated from equation (4) 

System F, F, F, F, X-’ 

Cl, 2.2 0.20 2.2 0.20 130 
Cl* 2.2 0.20 3.4 0.20 200 
Cl, 3.4 0.20 3.4 0.20 300 
Cl, 3.4 0.20 4.3 0.20 380 
a; 4.3 0.20 4.3 0.20 470 



stream splitting, zone sampling, and zone splitting. In 
these systems the mass balance is important for 
characterization. This approach is attractive because 
simple mass balance is used, which is more tangible 
than the dispersion of an ~magina~ element of fluid 
that is used for defining the dispersion coefficient. 
Merging streams do not affect the mass balance, 
whereas splitting streams do have an effect, the 
opposite of the dispersion coefficient. Therefore D 
and X-’ are comptementary and more information is 
available when they are used in combination to 
characterize a flow-injectjon system. 

X-’ = M’jM = kA,“/A (3) 

where M” is the number of moles injected, M is the 
number of moles remaining in the diluted sample 
zone at the detector, and A is the area of the peak at 
the detector. The inverse moIe fraction can be calcu- 
tated empirically from the ratio of the “steady-state” 
area (A”) to the peak area, but because there is no 
steady-state area, the area (A:) of a sample of known 
dilution injected into a “blank” system, multiplied by 
the known dilution factor (k), is used as the steady- 
state area. For example, a too-concentrated sample 
{con~ntrat~on C) is manually difuted k-foid, then 
injected into the cascade system after T, and pump 2. 
The area of this peak, multiplied by k, is used as the 
steady-state area (A,“) for the cascade system and a 
sample of concentration C. 

Whereas the dispersion coeficient compares peak 
height for the sample, as it passes through the 
detector, with the peak height for the sample prior to 
injection (i.e., at steady state) for detectors linearly 
responding to concentration, the reciprocal mole 
fraction compares peak areas (Fig. 4). 

The reciprocal mole fraction is easily calculated for 
the cascade system as a function only of the 
flow-rates used in the system [equation (4)f. This 
equation is simply the inverse of the product of the 
splitting ratios at T, and T,. 

X-’ = F,(F, + F,)/F,F, (4) 

where F, -F# are the ff ow-rates in the cascade system 
(see Fig. 1). To verify equation (4), a 20+1 i .7&i 
sodium chloride sample was injected into the cascade 
system and a 209~1 sample (manually diluted 
X- ‘-fold) was injected into the blank system. Because 
the peak areas were identica1, the number of moles in 
each sample was the same. The cascade system yields 
tatter and narrower peaks than the biank system (see 
Tables 3 and 4). This is not unexpected. Although the 
number of moles is the same, there is no reason why 
the two samples will be of the same concentration or 
occupy the same volume. 

I‘ . . . dilution of overly concentrated sample ma- 
terial is best achieved by reducing the injected vol- 
umes. ‘r9 This is the traditional method of dilution in 
FIA. With our injector, the limit of this approach is an 

Fig. 4. D”” pictorially compared to X-‘. (A) peak height 
at steady state divided by height at peak maximum equals 
D Iflax. (B) injected %rea” (number of moles) divided by peak 

area equals Ii-‘. 

8-,ul injection. Decreasing the injected volume makes 
the ~producibilit~ poorer, and increasing the volume 
decreases the sampling rate. Therefore the optimal 
volume for injection is a compromise between the 
sampling rate, dilution, and reproducibility desired. 

Peak height is plotted us. sample volume in Fig. 5 
for 1.7&f chloride injections of 20, 50, 75, and 100 ~1 
into system Cl, (see Table 2). The shape of the plot 
is typical of all flow-injection systems. Were S,,z is 
about 60 ~1. It is not necessary to decrease the volume 
to the Iower limit because the net dilution can he 

Sample Volume, fit 

Fig. 5. Sampie volume US. peak height in the cascade 
system Cl,. 
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Table 3. The effects of flow-through pumps on peak par- 
ameters (Cl, blank system): H is mean peak height (mm), W 
is mean width at half height (mm), A is area (mm*), and s 
is the corresponding standard deviation for three replicate 
injections; system I uses injection after pump 2 and system 

II injection before pump 2 

System H sH W s, A So 

1 80 I 7 0 560 7 
II 79 2 7 0.2 553 2 

varied easily by a change in the flow-rates. Because 
the peak width increases with an increase in sample 
volume, the sampling rate decreases. Therefore, 20 ~1 
was used as the sample volume for all subsequent 
experiments unless otherwise noted. 

Flow -through pumps 

The introduction of flow-through pumps at the 
splitting streams yields a more constant splitting 
ratio, owing to the added stability in flow-rates. The 
effects, if any, of the flow-through pumps at Fz and 
F, on the sample zone were investigated. Peak 
profiles were compared for injections into F4 (the 
blank system) after the pump (system I) and before 
the pump (system II). Superimposition of the 
recorded peaks shows there is no significant change 
in the profiles. The differences in the mean peak 
height, width, and area are less than the standard 
deviations for serial injections of a standard. Table 3 
gives the mean peak height, width at half height, area, 
and standard deviation of each parameter for systems 
I and II. 

Dispersion 

The effect, on the peak parameters, of dispersion in 
the cascade system up to T, was investigated by 
varying the mixing coil lengths. Both coils (X, and 
X,) are varied from 0 to 400 ~1 in volume. The total 
volume of the system is 350 ~1 when X, and X2 are 
both zero. Interestingly, there are no significant 
changes in the peak shape (Table 4) when both X, 
and X, are increased to 400 p 1. This indicates that the 
dispersive effects of the coils are not the dominant 
ones. 

When the response of an undiluted 20-~1 sample 
injected into the cascade system (Cl,, X-’ = 380) is 
compared with that of a manually diluted (X-‘-fold) 
20-~1 sample injected into the blank system, a ratio 
of 1.4: 1 is found for their peak heights. A much 

Table 4. The effects of mixing coil length on peak par- 
ameters (Cl., system), symbols as for Table 3 

System H .%4 W SW A s. 

x,=0/11 
x,=0 p1 110 0 5.5 0.5 555 5 

x,=4OOp1 
x,=400 fil 111 I 5.0 0 555 5 

larger ratio (17) would be expected (with a corre- 
sponding sample volume of about 1 ~1 after T,) in 
system Cl4 for the extreme hypothetical case of plug 
flow and no dispersion (i.e., the concentration de- 
creases only at Tr, so 22.5-‘/380-i = 17, see Table 5 
below). Because the ratio is lower than expected, we 
can be confident there is significant dispersion in the 
system. The dispersion may arise in the V-channels, 
the Micro-Line/pump tube connections, and/or the 
flow cell. The flow cell (10 ~1) would be expected to 
have a greater effect (as a gradient device) on the 
small sample volume predicted for the cascade system 
(1 ~1) than on the relatively large sample injected into 
the blank system (20 ~1). 

The flow-cell dispersion hypothesis was confirmed 
by using a new biamperometric system with low dead- 
volume in the flow cell. A 200 mV potential was 
applied between the silver electrodes. The current 
produced as a result of the silver/silver chloride 
reversible couple is proportional to the concentration 
of chloride (and flow-rate). 

As the dead-volume decreases in the system, so 
does the peak width, with a corresponding increase in 
peak height. The ratio of the cascade system peak 
height to that for the blank system was 2.8 in this 
flow-cell configuration. This result indicates that the 
sample zone volume of the cascade system is less than 
the volume injected into the blank system and that 
the spectrophotometric flow cell acts as a gradient 
chamber for the cascade system sample, compared to 
the blank system sample. The magnitude of these 
dispersive effects may be approximated by studying 
the dispersion coefficients obtained in each of the 
systems described thus far. The total dispersion 
coefficient (D,,,) obtained by the spectrophotometric 
system at peak maximum can be calculated as the 
product of the dispersion coefficient obtained from 
merging the streams at T,(D, = (Fr + F,)/F,), the 
dispersion coefficient from the spectrophotometric 
flow cell (D,,,), the dispersion coefficient in the 

Table 5. Summary of the contribution of merging streams (&), flow cell (D,,,), and system 
dispersion (D,J to overall dispersion coefficient (D,,,); D,, is the manual dilution factor, 
which is set equal to the reciprocal mole fraction, which is constant for all Cl, systems (380) 

System D T2 D cdl D SYS D mp” D 101 x-’ 

Spectrometric cell 22.5 2 6 - 270 380 
Biamperometric cell 22.5 I 6 - 135 380 
No dispersion 22.5 1 I - 22.5 380 
Blank - I - 380 380 I 



remainder of the system (Dsys), and any manual 
dilution (L&): 

Table 5 lists D,, , X ._ ‘, DT2, DC=!, , DSYS, and the manual 
dilution factor D,,,. The “no dispersion” system 
is a hypothetical Cl., system where there is no axial 
dispersion due to the flow-through manifold com- 
ponents. X-’ is fixed for each Cl, system. DT2 is the 
merging ratio. It is assumed that the biamperometric 
cell has no dispersive effects on the sample zone for 
either system; therefore D,,, equals 1 in this system. 
Z&i, for the spectrophotometric system is given by the 
ratio of the cascade to blank system D,,, ratios for 
the biamperometric and spectrophotometric systems 
(2.8/l ,4, from above). The DSsyS values were calculated 
from known D,O, values. II,,, is the known dilution 
factor. 

Because overall dilution is the goal of this system, 
some dispersion is not only acceptable, but desired. 
It is also important to note that the cascade system, 
by decreasing the sample zone volume, allows the 
dispersion of the element of fluid corresponding to 
D,, to be greater than that expected for a larger 
sample flowing through the same length of tubing. 

Calibration curves 

Calibration curves for the spectrophotometric 
measurement of chloride show increased linearity 
with an increase in dilution. The curves obtained with 
systems Cll-Cl., are shown in Fig. 6. A calibration 
curve for injection of 500-fold manual dilutions into 
the blank system is also shown. The calibration 
curves for the cascade system approach that for the 
manual dilution goal. Typical cascade-system peaks 
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130 x-1 

200 

3ocl 

380 

600 MsnueI 

Chloride Concentration, M 

Fig. 6. Peak height 0s. concentration for calculated X-’ 
[by equation (4)J values of 130, 200, 300, and 380, and for 

500-fold manually diluted samples injected into F,. 

are shown for the calibration run of system Cl, 
(Fig. 7). The 470-fold dilution was made on 20-~1 
injections of 0-1.7M sodium chloride in 0.4M boric 
acid. 

Viscosity efects 

In conventional FIA, increased sample viscosity 
increases the pressure drop within the system and 
reduces the dispersion and mixing. The pressure drop 
increase is so predictable that it has been used by 
Betteridge et al. for the measurement of viscosity.“*‘* 
Clark et ~1.‘~ have shown the effects of viscosity on 
mixing length in merging streams. 

5 Minutes 
@I 

1.71 M NaCl 

0.68 

Fig. 7. Typical cascade system peaks. Given are triplicate injections with a calculated dilution factor of 
470. Samples are 1.71, 1.37, 1.03, 0.86, 0.68, and 0.34M NaCl from left to right. 
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. 

Viscosity n/n” 

Fig. 8. Peak height ~1s. relative viscosity in two-line FIA 
(blank system). Peaks are for 2mM NaCl. 

Peak height in a two-line flow-injection system 
(blank for the cascade system) begins to decrease at 
viscosities above 8 CP (Fig. 8), owing to less complete 
mixing with the reagent. This effect can be reduced 
somewhat by traditional methods to increase the 
dispersion factor, such as increasing the reaction coil 
length or decreasing the injected sample volume. 

Glycerol was used to increase the viscosity of 
chloride samples. The viscosities listed in Table 1 
are the nominal relative viscosities expected for the 
samples,i4 and the relative viscosities measured at 
22” with an Ostwald viscometer. The peak height 
remains constant for injections of 1.7M sodium 
chloride for q/q0 from 1 to 150, in the cascade system 
(Cl, or Cl,). 

We have found that glycerol also has a chemical 
effect on the measurement. Increasing glycerol con- 
centrations decreases the absorbance due to chloride. 
The dilution removed this effect in addition to the 
viscosity effects on dispersion, as shown by the 
absorbance being unaffected by the viscosity, at 
constant chloride concentration. 

CONCLUSION 

The cascade system provides rapid on-line di- 
lutions of up to nearly 500-fold without use of 
precision timing or computer-controlled valves. Rela- 

tive standard deviations of less than 3% are observed 
in the determination of chloride. Sampling rates of 
over 100 determinations per hour are easily obtained. 
Because water is used as the carrier and diluent, 
reagent consumption is the same as that of con- 
ventional FIA. 

The reciprocal mole fraction has been shown to be 
a useful parameter to describe open flow-injection 
systems. An equation has been derived to predict X-l 
as a function only of the flow-rates used in this 
system. The equation has been verified experi- 
mentally. Extension to a three-tier cascade system 
may provide dilution factors of up to 10“. 

As a result of dilution, many interferences are 
removed. This is illustrated by the removal of 
both chemical and viscosity interferences caused by 
glycerol, by the cascade system. Although the diluent 
was water in this study, a buffer or another reagent 
stream may be used in the cascade system for on- 
line pretreatment, such as derivatization or pH 
adjustment. 
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Summary-Laser-induced matrix-isolation site-selection fluorescence spectrometry is used to obtain 
narrowed-line spectra, linear dynamic ranges and limits of detection for four isomeric dibenzacridines in 
argon at I5 K. Site-selection fluorescence is used to determine dibenzacridines in two synthetic mixtures, 
a four-component mixture of the isomeric dibenzacridines and a thirteen-component polycyclic aromatic 
hydrocarbon mixture. The capabilities of site-selection and Shpol’skii fluorescence spectrometry for the 
identification and determination of aza-arenes in complex mixtures are compared. 

Interest in the chemical analysis of aza-arenes (nitro- 
gen heterocyclic derivatives of polycyclic aromatic 
hydrocarbons) stems from the fact that many of these 
compounds are carcinogenic.‘” Fluorescence tech- 
niques have often been applied to the detection and 
determination of aza-arenes in mixtures-’ Un- 
fortunately, the fluorescence spectra of large organic 
molecules in liquid solution at room temperature are 
usually broad and featureless, making identification 
and quantification of individual compounds in mix- 
tures difficult unless the measurement of fluorescence 
is preceded by extensive separations. Fluorescence 
spectral bandwidths may be dramatically decreased 
when spectra are measured at low temperature.* 

Matrix isolation (hereafter abbreviated to MI) 
is a low-temperature sample preparation method, 
wherein analytes in the vapor phase are co-deposited 
with a diluent gas (such as argon or n-octane) on a 
strongly cooled surface. 8.9 The advantage of MI over 
simply freezing a liquid sample into a low tem- 
perature solid is that soiubility considerations are 
irrelevant and aggregation of analyte molecules is 
avoided because mixing of the “solvent” and 
“solute” molecules occurs in the gas phase.sm’O Thus, 
acquisition of reproducible spectra for identification 
and quantification of individual constituents of mix- 
tures is facilitated by use of MI. 

When an organic fluorophore is isolated in a 
polycrystalhne solid matrix, such as argon, the indi- 
vidual molecules of that compound usually occupy 
discrete microenvironments or matrix “sites”.” Ana- 
lyte molecules located in different sites exhibit slightly 
different electronic transition energies, causing their 
absorption and fluorescence spectra to be in- 

*Present address: Burroughs Wellcome Company, Green- 
ville. NC 27834-1887, U.S.A. 

tTo whom correspondence should be addressed. 

homogeneously broadened. If severe inhomogeneous 
spectral broadening occurs for each constituent of a 
mixture, their absorption and fluorescence spectra are 
likely to overlap, and the selectivity is thereby re- 
duced. However, if a highly monochromatic ex- 
citation source (e.g., a laser) is employed, it may be 
possible to generate a fluorescence spectrum having 
a bandwidth much smaller than that of the 
inhomogeneously-broadened absorption spectrum of 
the analyte. This procedure is termed “site-selection” 
fluorescence spectrometry;‘2*‘3 its objective is to dis- 
tinguish spectroscopically between molecules of an 
analyte that are situated in different matrix sites, so 
as to produce highly resolved spectra suitable for 
identification and determination of individual con- 
stituents of mixturesI 

It must be emphasized that the bandwidths of the 
absorption spectrum of the analyte (and of potential 
interferents) are unchanged in a site-selection experi- 
ment. Thus, site selection differs in principle from 
“Shpol’skii” fluorometry, wherein a matrix is chosen 
in which molecules of the analyte are constrained to 
occupy one site (or, at most, a few well-defined types 
of site), with a corresponding decrease in the extent 
of inhomogeneous broadening both in absorption 
and fluorescence.n~‘5*16 The identity of the optimal 
Shpol’skii matrix differs for analytes of diverse mol- 
ecular size and shape. Site-selection fluorometry does 
not rely on steric compatability between the analyte 
and the solvent to obtain narrowed-line spectra. 
Hence, site selection offers the possibility of achieving 
selective fluorometric detection of many different 
analytes with a single matrix material. 

Although the site-selection fluorometry of poly- 
cyclic aromatic hydrocarbons has been studied exten- 
sively and applied to the characterization of complex 
samples,i4*“,i8 little attention has been devoted to the 
site-selection fluorescence of polar derivatives of aro- 
matic hydrocarbons. The site-selection fluorescence 
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Fig. I. Fluorescence spectra of d&en&, j]acridine in solid argon at 15 K as a function of excitation 
wavelength (indicated at bottom of each spectrum). For each spectrum, the total wavelength range 

scanned was 5 nm (385-390 nm). 

of one aza-arene (dibenz[u,~]acridine) has previously 
been reported, and was obtained by using laser- 
induced site-selection fluorescence spectrometry in 
argon matrices.” We now describe the analytical 
application of the site-selection fluorometry of this 
compound and several of its isomers. Some com- 
parisons of the site-selection and Shpol’skii 
fluorometry of these compounds are also presented. 

EXPERIMENTAL 

Commercially available ‘“research grade” argon and n- 
octane were used as matrix materials without further purifi- 
cation. Dibenz[a, jlacridine (Sigma), dibenz[a, clacridine 
(Community Bureau of Reference, Brussels, Belgium), di- 
benz[u, hlacridine (Community Bureau of Reference) and 
dibenz[c, hfacridine (Community Bureau of Reference) were 
used as received. Commercially available polycyclic aro- 
matic hydrocarbons were used without further purification. 
Benzo[a]pyrene (Fluka), employed as an internal standard, 
was also used as received. 

The home-built fluorescence spectrometer used radiation 
from a Molectron DL-I4 dye laser, pumped by a Molectron 
UV-24 nitrogen laser, for excitation. At a repetition rate of 
10 Hz, the laser produced pulses of ca. 6 nsec duration and 
0.02 nm bandwidth. The dyes used to cover wavelength 
ranges of 354-364, 360-386 and 377-399 nm were PBD in 
p-dioxan, PBD in a 1: I mixture of ethanol and toluene, and 
BBQ in a 1: 1 mixture of ethanol and toluene, respectively. 

The fluorescence was dispersed by a I-m grating mono- 
chromator (Jobin-Yvon HR-1000, equipped with a 1800 
grooves/mm holographic grating blazed at 300 nm) having a 
reciprocal linear dispersion of 0.8 nm/~, and was detected 
by an RCA 8850 photomultiplier tube. The electrical signal 
from the photomultiplier tube was processed by a Tektronix 
5440 osciIIoscope with a 350-psec sampling head; the 
fluorescence spectra were plotted by an X-Y recorder. 
Time-resolved spectra were obtained; the techniques of 
time-resolved matrix isolation fluorometry are described 
elsewhere.“’ All spectra were obtained with a 20 nsec delay 
time between the laser pulse and opening of the sampling 

gate, in order to minimize interference from scattered laser 
light. 

Sample preparation and quantitative procedures 
AI1 samples were deposited on a gold-plated oxygen-free 

copper cold finger maintained at 15-K and mounted on the 
head of a closed-cycle helium cryostat (“Spectrim”, CT1 
Cryogenics). positions were performed in the Knudsen 
effusion-vacuum sublimation aPparatus by the techniques 
described previously. ‘~0~ The laser intensity was optimized 
for the first deposit in any series, and the laser wavelength 
was adjusted for optimum fluorescence intensity for a 
particular compound. Before any subsequent deposit was 
illumi~t~ with the laser, a fresh dye solution was placed 
in the laser without disturbing the optics. The same position 
on the cold finger was probed by the laser for each 
successive deposit. 

Determinations were made by the combined internal 
standard-successive standard-addition proeedures.‘9~20 
Benzo[ufpyrene was frequently used as internal standard 
because it has an intense fluorescence feature that can be 
induced at the “optimal” excitation wavelength for each of 
the dibenzacridine isomers. The data from successive stan- 
dard additions for each sample were treated by conventional 
statistical procedures.2’u 

RESULTS AND DISCUSSION 

Site -selection fluorescence spectra of pure aza-arenes 

Figure 1 shows fluorescence spectra of dibenz[a,j]- 
acridine (DajA, Ct,H,,N) in solid argon, as a 
function of excitation wavelength. As is generally 
observed in site-selection fluorometry,*,‘* small alter- 
ations in the excitation wavelength cause dramatic 
changes in the fluorescence spectrum. The muhiplet 
patterns observed in many of the fluorescence spectra 
are presumed to result from excitation of DajA 
molecules occupying different types of discrete sites in 
the polycrystalline argon matrix (similar muhiplet 
patterns in the fluorescence spectrum of naphthalene 
in solid argon have been analyzed extensively”). The 
“single-site” fluorescence spectrum for DajA pro- 
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Table 1. Spectral and quantitative data for pure dibenzacridine isomers 

Optimum Optimum Linear Limit of Limit of 
excitation emission dynamic detection, detection, 

wavelength, wavelength, range, this work, literature, 
Compound nm nm “g ng ng 

DajA 311.6 387.4 0.05-50 0.005 0.022*,0.3t, 5g 
DacA 361.2 370.3 1.5-1250 0.6 
DahA 319.0 389. I 5&1000 1.5 O.V, 105 
DchA 319.0 389.4 5.&l 100 1.5 

*Liquid chromatography with fluorescence detection.4 
tFluorescence quenching.’ 
§Thin-layer chromatography with low-temperature fluorescence detection.6 

duced by excitation of 377.6 nm is considered optimal 
for analytical purposes because it consists of a single 
sharp feature. 

The fluorescence spectra of dibenz[a, clacridine 
(DacA), dibenz[a, hlacridine (DahA), and dibenz- 
[c, hlacridine (DchA) exhibit excitation-wavelength 
dependences similar to those for DajA. For each of 
the four isomers, there exists an “optimum” ex- 
citation wavelength (listed in Table 1) that produces 
a single-site fluorescence spectrum analogous to that 
shown in Fig. 1 for DajA. 

Limits of detection and linear dynamic ranges for pure 
aza -arenes 

Because site-selection fluorometry probes only a 
small fraction of the analyte molecules in a sample 
(i.e., those molecules capable of absorbing photons 
from the narrow-line source), limits of detection for 
the technique are of particular interest. The limit of 
detection is defined as the quantity of analyte that 
produces an instrumental response with a signal-to- 
noise ratio of 2. Limits of detection for DacA, DahA, 
DajA and DchA are listed in Table 1. The limits of 
detection are in the 0.005-l ng region. 

Table 1 compares the limits of detection obtained 
by other fluorometric methods with those obtained in 
this work for DahA and DajA (the only dibenz- 
acridine isomers for which such data are found in the 
literature). The results reported in the present study 
are generally better than those obtained by other 
fluorescence techniques, except for DahA, for which 
a fluorescence quenching method’ produced a lower 
limit of detection than that reported here. These 
results imply that the lower sensitivity’ of site- 
selection fluorometry does not automatically produce 
detection limits inferior to those obtained by other, 
more sensitive, luminescence techniques, owing to the 
extremely efficient rejection of interfering lumin- 
escence and scattering that is characteristic of the 
site-selection technique, coupled with the fact that the 
limits of detection in fluorescence spectrometry are 
usually limited by the blank.” 

The limits of detection of aza-arenes by site- 
selection fluorometry could be improved by using a 
laser producing subnanosecond pulses. The fluor- 
escence decay times for most aza-arenes are shorter 

than those for aromatic hydrocarbons, and are often 
less than 10 nsecz4 In this work, it was necessary to 
delay detection of the fluorescence by 20 nsec relative 
to each laser pulse, in order to allow interfering 
scattered laser radiation and amplified spontaneous 
emission to decay. In so doing, a substantial loss in 
fluorescence signal was incurred, owing to the rela- 
tively short fluorescence lifetimes of the aza-arenes 
(< 20 nsec). This problem could be circumvented by 
using a laser exhibiting a pulse-width significantly 
shorter than the fluorescence lifetime of the aza- 
arenes, but such a laser was not available for these 
studies. Neveretheless, the results indicate that laser- 
induced site-selection fluorescence spectrometry 
produces limits of detection competitive with those 
obtained for DahA and DajA by other, less selective, 
fluorescence techniques. 

The linear dynamic range is the range over which 
the signal is linear with respect to concentration or 
quantity of analyte. The linear dynamic ranges for 
DacA, DahA, DajA and DchA are compiled in Table 
1. The linear range for DajA exceeds three decades, 
while those for DacA, DahA and DchA extend over 
at least 2.5 decades. 

Spectral resolution of dibenzacridine isomers in 
mixtures by site-selection JIuorometry 

To characterize the resolving power of site- 
selection fluorescence spectrometry for the isomeric 
dibenzacridines, a methanolic solution containing 
DacA (8.22 x lo-‘M), DahA (7.70 x lo-‘M), DAjA 
(7.28 x IO-‘M), and DchA (7.07 x IO-‘M) was 
studied. Benzo[a]pyrene (BaP, 9.83 x 10T5A4) was 
also present in this mixture as an internal standard. 
A deposit of this solution in solid argon was prepared 
and fluorescence spectra were obtained with the 
optimum excitation wavelength for each pure aza- 
arene (see Table 1). 

Figure 2 shows a fluorescence spectrum obtained 
by using the optimum excitation wavelength for pure 
DacA. DacA and DajA (as well as the internal 
standard, BaP) are resolved. When the optimum 
excitation wavelength for pure DajA was used, a 
spectrum containing the intense features of DajA and 
BaP was obtained; this spectrum is shown in Fig. 3. 
A small feature, presumed to be from DahA and/or 



216 BRIAN F. MACDONALD and E. L. WEHRY 

Excltxtlon Wavrlrngth- 36l.g nn 

DxhA+DchA 

r 

365 

L I I t t I I 
375 385 385 40s 

Emlrrlon Wwolongth,nm 

Fig. 2. Fluorescence spectrum of four-component dibenzacridine mixture in solid argon at the optimum 
excitation wavetength for dibenz[u, elacridine. Benzo[ulpyrene was added as internal standard. 

DchA, is observed at 389 nm; nevertheless, the 
resolution in this spectrum is clearly sufficient for 
identification and determination of DajA. 

Several excitation wavelengths were employed to 
attempt to resolve DahA and DchA in this mixture. 
However, the fluorescence spectra of these com- 
pounds are so similar at all excitation wavelengths 
that no spectrum containing resolved lines for either 
compound was obtained. Similarly, time-resolution 
fluorometry failed to resolve DahA from DchA; 
the fluorescence lifetimes of DahA and DchA are 
virtually identical. Thus, in argon matrices, neither 
spectral nor temporal resolution can distinguish 
between these two isomeric compounds. 

Spectral resolution of dibenzacridine isomers in 
mixtures by Shpol’skiijluorometry 

Because DahA and DchA could not be 
distinguished spectrally in argon matrices, the 
fluorescence of these compounds was examined in 
n-octane, a Shpol’skii solvent. The excitation wave- 
length which produced the sharpest emission lines for 
DahA in octane was 385.7 nm; the most intense 
fluorescence peak appeared at 394.9 nm. For DchA, 
the optimum excitation wavelength in octane was 
385.4 nm; the most intense fluorescence band ap- 
peared at 396.7 nm. 

When the four-component dibenzacridine mixture 
was examined in octane, by use of the optimal 
excitation wavelength for DchA, virtually no inter- 
fering fluorescence from DahA was observed (see Fig. 
4). Determination of DchA in the presence of sub- 
stantial quantities of DahA would pose no significant 
difficulties in an octane matrix but would be im- 
possible in argon matrices. However, even in octane, 
there exists no excitation wavelength at which a 
fluorescence spectrum for DahA can be produced 
that is free from major contributions from DchA 
(typical spectra are shown in Fig. 5). Though DahA 
can be identified in the presence of DchA in the 

Shpol’skii matrix (octane), accurate determination of 
DahA in the presence of appreciable quantities of 
DchA would be extremely difficult; a well-defined 
baseline for the DahA fluorescence cannot be estab- 
lished owing to the interfering fluorescence of DchA. 
Hence, for the DchA-DahA isomeric pair, the select- 
ivity of laser-induced low-temperature fluorometry in 
Shpol’skii matrices is superior to that exhibited by 
site-selection fluorescence in argon matrices; how- 
ever, neither technique exhibits sufficient selectivity 
for both compounds to be determined accurately in 
samples containing substantial quantities of each. 

0x5377.8 “In 

Fig. 3. Fluorescence spectrum of four-component 
dibenzacridine mixture in solid argon (at 15 K) at the 
optimum excitation wavelength for dibenz[a, jJacridine. 

Benzofalpyrene was added as internal standard. 
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Table 2. Results for dibenzacridines 

Sample 
Actual Found, 

Analyte value, fig/ml flglml Error, % 

4-Isomer mixture DacA 22.8 22.8 + 2.2* 0.0 
4-Isomer mixture DajA 20.2 20.9 It 2.7 3.5 
13-PAH mixture DaiA 209 212k24 1.4 

“95% confidence interval as calculated by the method of Larsen er al.** 

Quantification of aza-arenes is also complicated by 
the tendency of the solutes to undergo photo- 
decomposition in Shpol’skii matrices. For example, 
under the conditions of our experiments (in which a 
high-power dye laser was not used), the fluorescence 
intensities of DahA and DchA decreased by 18 and 
22%, respectively, after illumination for 20 min at the 
optimum excitation wavelengths for the two isomers. 
Photodecomposition of these analytes proceeded 

4XC453.4lUll 

lJlhA 
mhA 

DChA \ 

+ 

uw355.4m 

Dd4A 
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391.6 nm 396.6 nm 391.6 nm 396.6 nm 

Fig. 4. Fluorescence spectra of four-component dibenz- 
acridine mixture in solid n-octane (at 15 K) at the optimum 

excitation wavelengths for dibenz[c, hlacridine. 

DahA I 

much less rapidly in argon than in Shpol’skii matrices 
at 15 K. 

Determination of dibenzacridines by site-selection 
Jluorometry in argon 

Four-component mixture. DacA and DajA were 
determined in a synthetic four-component aza-arene 
mixture containing virtually equal quantities of the 
four dibenzacridines; the results are summarized in 
Table 2. The experimental results are in excellent 
agreement with the actual values. These experiments 
demonstrate both the resolving power of site- 
selection fluorometry and the ability of the technique 
to determine individual components accurately in a 
mixture of isomeric aza-arenes. 

Thirteen-component polycyclic aromatic hydro- 
carbon mixture. Another mixture was prepared to test 
the possibility of identifying and determining an 
aza-arene, DajA, in the presence of twelve polycyclic 
aromatic hydrocarbons (PAHs). The composition of 
the mixture, which was prepared in methylene chlor- 
ide, is listed in Table 3. The optimum excitation and 
emission wavelengths for DajA in an argon matrix 
were employed to obtain the spectrum for DajA and 
the internal standard, benzo[a]pyrene, shown in Fig. 
6. The DajA content of this mixture, as determined 
by site-selection fluorometry, exhibits excellent agree- 
ment with the true value (Table 3). 

This result indicates that aza-arenes can be deter- 
mined in the presence of a sizable number of PAHs, 
without prior separation, by laser-induced site- 

UC-395.ann 

DmhA 

I! 

L 
392.2 “In 400.0 nm 392.2 “In 400.0 nm 392.2 “Ill 400.0 nm 392.2 nm 400.0 ml 

Fig. 5. Fluorescence spectra of four-component dibenzacridine mixture in solid n-octane (at 15 K) at 
various excitation wavelengths suitable for excitation of dibenz[a, hlacridine. 
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Table 3. Composition of thirteen-component PAH mixture 

Anthracene 
Benz[a]anthracene 
Benzo[u]fluorene 
Benzo[b]fluoranthene 
Benzo[k]fluoranthene 
Benzo[g, h, ilperylene 
Chrysene 
Perylene 
Phenanthrene 
Pyrene 
Triphenylene 
Dibenz[a, j]acridine* 
Benzoialnvrenet 

Cont., rig/ml 

213 
178 
23 

135 
138 
141 
142 
172 
177 
152 
165 
209 
196 

Cont., M 

1.20 x 10-J 
7.80 x 1O-4 
1.06 x 1O-4 
5.35 x 1o-4 
5.47 x 1o-4 
5.10 x 1o-4 
6.22 x lO-4 
6.82 x 1O-4 
9.93 x 1o-4 
7.51 x 1o-4 
7.23 x 1O-4 
7.54 x 1o-4 
7.77 x lo-4 

*Aza-arene (analyte). 
tInterna1 standard. 

selection fluorometry in argon matrices. This result is 
important in view of the fact that most real samples 
containing detectable quantities of aza-arenes also 
contain many different PAHs, often in concentrations 
much greater than those of the aza-arenes. 

CONCLUSIONS 

Narrowed-line fluorescence spectra can be ob- 
tained for each of the isomeric dibenzacridines by 
laser-induced matrix-isolation site-selection fluor- 
escence spectrometry at 15 K. The limits of detection 
observed were in the pg-ng region, with linear dy- 
namic ranges of at least 2.5 decades. Accurate deter- 
minations of two of the compounds in synthetic 
mixtures of dibenzacridines and polycyclic aromatic 
hydrocarbons were achieved. Neither site-selection 
nor Shpol’skii fluorometry is capable of full spectral 

~~~377.6 nm 

3e5 395 405 415 
Emission, nm 

Fig 6. Fluorescence spectrum of thirteen-component PAH 
mixture in solid argon at the optimum excitation wavelength 
for dibenz[a,j]acridine. Benzo[a]pyrene is used as internal 

standard. 

resolution of two of the isomers (dibenz[c, hlacridine 
and dibenz[a, hlacridine). 
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CONTINUOUS-FLOW PERFORMANCE OF CARBON 
ELECTRODES MODIFIED WITH IMMOBILIZED 

Fe(II)/Fe(III) CENTERS 

AMPEROMETRIC RESPONSE TO N,O, NO AND NO2 
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Summary-The amperometric performance of two types of chemically modified carbon electrodes 
developed for the determination of oxides of nitrogen in continuous-flow systems is presented. The 
modification consists in immobilization of reversible Fe(II)/Fe(III) centers. The first type of electrode is 
a simple modification made by direct mixing of carbon paste with tris-4,7-diphenyl-l,lO-phenanthroline- 
iron(I1) perchlorate; the other is a glassy-carbon surface modified by oxidative electropolymerization of 
tris-[5-amino-l ,lO-phenanthroline]iron(II) perchlorate. Detection is accomplished by transporting an 
injected sample plug to the sensing surface with the aid of gravitational flow of an aqueous solution of 
supporting electrolyte. The polymer-coated electrochemical detector compares favourably with the 
chemically modified carbon paste. It offers excellent resistance to poisoning and a competitive limit of 
detection [about 2 ppb (2 parts in 109) v/v], at + 1 .O V us. Ag/AgCl, and good selectivity for NO, when 
used in a thin-layer cell. Incorporation of the cell in a continuous-flow system allows injection of about 
120 samples per hour. The typical concentration range amenable to determination is 2-25 ppb v/v but 
depends on the thickness of the polymeric film. Nitrogen monoxide can also be detected but only in 
undiluted, pure form. Dinitrogen oxide gives no amperometric signal at any of the modified surfaces. 

The oxides of nitrogen relevant to air pollution are 
N,O, which, although not a product of combustion, 
is used as a carrier gas in aerosol containers; NO, the 
main product of combustion of nitrogen compounds; 
and NO*, a strong absorber of ultraviolet light and 
participant in photochemical reactions that produce 
smog. Mixtures of NO and NO2 are referred to as 
NO, and are generated mainly by automobiles and by 
electric power plants. The relevance of these species 
is widely recognized and has received special atten- 
tion in an open meeting of the Executive Committee 
of SCOPE (Scientific Committee on Problems of the 
Environment) held in Bangkok, 7-13 February 1987, 
at which N,O, NO,, and methane were singled out 
as species to receive special attention in the first phase 
of a study on trace gases of biological origin.’ The 
analytical chemistry of these species is consequently 
of particular interest. The analytical methods gener- 
ally used for determination of these species2A 
normally involve gasometric procedures, absorption 
in liquids and subsequent determination (e.g., by 
titration or spectrophotometry), infrared spec- 
troscopy, gas chromatography or mass spectrometry. 
These methods are often time-consuming, elaborate, 
require expensive equipment, or have poor limits of 
dectection. Gas-phase chemiluminescence, with com- 
petitive limits of detection, has been designated by the 

*Author for correspondence. 

U.S. Environmental Protection Agency as the refer- 
ence technique for measurement for N02.’ 

Electrochemical detection, potentially offering 
competitive limits of detection with simple instru- 
mentation, has mainly been used for the deter- 
mination of the nitrite or nitrate ions formed by 
absorption in liquids. N20 is relatively inert, but NO 
undergoes stepwise oxidation in 4M sulphuric acid.6 
This behavior has been exploited for the continuous- 
flow determination of nitrite and nitrate ions,’ after 
reduction to NO with hydroquinone at pH 2 (phos- 
phate buffer) and sweeping with nitrogen gas to an 
anodically polarized membrane-covered Pt electrode. 
Trojanek and Bruckenstein* also used a continuous 
flow approach to determine subnanogram amounts 
of nitrite, but detected NO with an electrode made by 
depositing a porous gold layer on one side of a 
porous Teflon membrane. 

Chemically modified electrodes have attracted con- 
siderable attention,’ but few analytical applications 
have been documented. From a practical viewpoint 
they are potentially useful as sensing devices because 
chemical modification of the electrode surface may 
result in (a) a change in electrochemical reaction 
rates, (b) protection of the electrode surface from 
fouling, and (c) enhancement of selectivity and/or 
sensitivity with a concomitant improvement in de- 
tection limits. 

The modifier is often an electroactive chemical 
species (e.g., reversible redox centers) and an electro- 
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catalytic process is responsible for the enhanced 
analytical performance. The work described in this 
paper is part of a comprehensive study of chemicahy 
modified electrodes based on metal-complex redox 
couples of the 1, IO-phenanthroline family of ligands 
for use in continuous-flow detection of oxidizing and 
reducing species in the gaseous state. Three different 
ways of producing modified surfaces are being stud- 
ied: (a) direct mixing of carbon pastes with a rela- 
tively insoluble salt (in aqueous media) of a complex 
cation,” (b) covalent binding of the complex cation 
to chemically modified graphite and pasting liquids, 
and (c) oxidative electropolymerization of some de- 
rivative complex cations of the same ligand family.” 
This paper reports the use of some chemically 
modified electrodes with immobilized Fe(II)/Fe(III) 
reversible redox centers, and their amperometric re- 
sponse to some oxides of nitrogen in continuous-flow 
systems. The F~II)/Fe(III) centers have been incor- 
porated in carbon-paste electrodes by mixing 
tris(4,7 - diphenyl- 1,lO - phenanthroline]iron(II) per- 
chlorate with graphite before forming the paste” or 
coated on glassy-carbon electrodes by oxidative elec- 
tropolymerization of tris[S-amino- 1, lo-phenanthro- 
hne]iron(II) perchlorate in acetonitrile.” 

The response of these surfaces to NO, in 
flow-through thin-layer cells exhibits competitive lim- 
its of detection and good sensitivity and selectivity, 
providing a simple and reliable approach to the 
determination of this oxidizing species in gases (e.g., 
air) on a continuous or repetitive basis. High re- 
producibility, excellent protection from surface 
poisoning and good long-term stability are properties 
that single out the el~tropol~erized coating as a 
competitive sensor for pollution monitoring. 

Apparatus 
EXPERIMENTAL 

The continuous-flow system (Fig. I) includes a thin-layer 
cell with two working electrodes and a reference electrode 
compartment, with an auxiliary electrode in the form of the 
metal tubing serving as the exit to waste. This four-electrode 
arrangement is available from Bioanalytical Systems (West 
Lafayette, IN) and, although it does not compensate 
signi~~ntly for solution resistance, it draws no current 
through the reference electrode’2 and permits simultaneous 
reponses to be obtained on modified and unmodified work- 
ing surfaces. A 0.1 -mm thick Teflon spacer provides the gap 
for passage of solution in the thin-layer cell compartment. 
The same basic arrangement as in Fig. 1 was also used with 
a home-made cell having a planar glassy-carbon auxiliary 
electrode opposite the working electrode (gap between 
electrodes = 1 mm), with the reference electrode located 
downstream.” An Ag/AgCl reference electrode was used in 
both cells. The thin-layer cell gave better responses and 
lower limits of detection, despite the fact that the surfactant 
pretreatment” was not useful with it because of obstruction 
of the cell channels by flakes of graphite. 

Gravity flow was used for the carrier solution because it 
provides excellent flow characteristics for electrochemical 
detection. 

The pH was measured with an Orion 601A digital pH- 
meter with an epoxy-body combination electrode. Absorb- 
ance measurements were made with a Spectronic 21 spec- 
trophotometer (Bausch & Lomb). 

Rn .r--7 - 

V 

Fig. 1. Con~guration for continuous-flow determination of 
oxides of nitrogen by using chemically modified electrodes 
in a thin-layer configuration [two working electrodes (WE1 
and WE2) in parallel configuration]. R, reservoir with 
carrier electrolyte; Dt and D2, amperometric detectors 
connected in tandem (Model LC4B from BioanaI~i~al 
Systems); RD dual-pen chart recorder (Model RYT-DP, 
Bioanalytical Systems); V, intercalation valve (Rheodyne 
Type 50, 4-way Teflon rotary valve); RE, reference elec- 

trode; AE, auxiliary electrode. 

Working electrodes 
A thin-layer cell with two working electrodes was used. 

One of the electrodes had an unmodified surface (WEI in 
Fig. 1) and the second was chemically modified (WE2 in 
Fig. 1). The polymer-coated electrode” in the thin-layer 
configuration was prepared by application of I22 cycles (at 
50 mV/sec) between 0 and + 1.30 V US. an AgiAgCl 
reference. The modified carbon-paste electrodei contained 
10% w/w modifier, 55% graphite (UCP-1-M from Ultra 
Carbon, Bay City, MI) and NF/FCC light paraffin oil 
(Saybolt viscosity 158 maximum) from Fisher Scientific 
(Fair Lawn NJ). The tris[4,7-diphenyi-l,l~phenanthro- 
line]iron(II) perchlorate was precipitated, washed, and 
dried, then mixed with a slurry of the graphite in acetone, 
and the acetone was allowed to evaporate while mixing was 
continued. The resulting powder was finally mixed with the 
mineral oil in an agate mortar to obtain the modified carbon 
paste. 

Reagenis 
Unless otherwise specified, reagents were of analytical 

reagent grade. The carrier electrolyte solution (0. IOM potas- 
sium chloride, pH 4.00) was prepared with demineralized 
distilled water. 

The NO, was prepared in a gas-tight glass container by 
exposing a given volume of concentrated nitric acid to 
sunlight until a constant concentration of NO, was found 
[determined by use of sulfanilic acid and N-(l- 
naphthyl)ethylenediamine dihydrochloride in acetic acid].is 
The stock NO,/air mixtures, from which dilutions (with air) 
were made as required, were standardized by the same 
procedure. The gas sample was introduced from the sample 
loop of a Rheodyne 4-way valve, filled from a gas-tight 
Hamilton syringe tightly attached to its entry port. Nitric 
oxide and nitrous oxide were obtained from the Aldrich 
Chemical Co. 

RESULTS AND DISCUSSION 

Response to N20 

No detectable signal in the range from 0 to + 1.3 V 
11s. Ag/AgCl was observed with any of the chemically 
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Fig. 2. Voltamperogram showing the response to pure 
NO(a) at a nolvmer-coated alassy carbon electrode (A) and .-, 
a modified carbon paste e&rode (B). Carrier suppdrting 
electrolyte O.lOM KC1 (PH 4.00). Flow-rate 2.0 ml/min. 

Injected sample size 250~1. 

modified electrodes, even when undiluted N,O was 
injected. 

Response to NO 

Nitric oxide could be detected with both un- 
modified and modified electrodes but only at very high 
concentrations. The response to undiluted NO at 
unmodified electrodes was, however, irreproducible 
and the electrode surface soon deteriorated until even 
qualitative detection was doubtful. The peaks were 
broad and distorted, particularly after use of an 
applied potential of 1 V to unmodified carbon-paste. 
The naked glassy-carbon electrode showed some 
irreproducible and relatively insensitive response at 
an applied potential of 0.6-l .O V but no response at 
above 1 V. Figure 2 shows the voltamperograms for 
detection of a continuous flow of undiluted NO with 
the two types of chemically modified electrode. These 
electrodes, particularly the polymer-coated glassy- 
carbon one, showed clearly defined responses and 
good reproducibility. The responses in Fig. 2 were 
obtained with NO taken directly from the cylinder, to 
avoid any formation of NO* by exposure to aerial 
oxygen. 

Response to NO, 

As expected, NO, readily underwent redox reac- 
tion at the immobilized Fe(II)/Fe(III) centers in both 
types of modified electrode. Figure 3 shows the 
amperometric responses obtained by continuous-flow 
operation with modified and unmodified carbon- 
paste electrodes; the response to injection of air alone 
is also shown (curve A). Only oxidation peaks were 
observed and the air peaks were similar for both the 
modified and unmodified electrodes. Since the nor- 
mal content of NO* in air is m 1 ppb (1 part in 109) 
v/v, these responses probably resulted from flow 
disturbances rather than electrochemical detection. 
Curve B in Fig. 3 shows the response at an 

unmodified carbon-paste surface, which can be inter- 
preted as resulting from: 

N(IV)+N(V) + e- (1) 

This response is only about one-third of that at the 
chemically modified surface with Fe(II)/Fe(III) cen- 
ters (curve C). Signals at modified carbon surfaces are 
believed to result partly from reaction (l), but 
also to have a contribution from an electrocatalytic 
process such as: 

Fe(II) + N(IV)+Fe(III) + N(M) (2) 

N(III)-rN(IV) + e- (3) 

For reaction (2) it is assumed that at potentials 
I 1.0 V the predominant species in the immobilized 
iron centers is Fe(II), in accordance with the cyclic 
voltammetric behavior of carbon-paste electrodes 
modified with tris[4,7-diphenyl-l,lO-phenanthro- 
line]iron(II).‘O The possibility that N(V) rather than 
N(IV) oxidizes Fe(U), with a coupled catalytic cycle 
involving reaction (1) cannot be ruled out. Although 
the population of Fe(M) centers should be consid- 
erably lower, contribution to the signal from: 

Fe(II1) + N(W) [or N(V)] 

+Fe(II) + N(III) [or N(IV)] (4) 

Fe(II)+Fe(III) + e- (5) 

cannot be totally disregarded. 
The response at the polymeric film deposited on 

glassy-carbon surfaces, on the other hand, shows 
reduction peaks at low positive potentials and ox- 
idation peaks at high positive potentials with an 
“inert” electrochemical behavior at around +0.60 V. 
This behavior can be seen in Fig. 4, in which the 
response to NO2 at both modified and unmodified 
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Fig. 3. Voltamperogram showing the response to NO, 
(30 ppb v/v) at a modified (10% w/w) carbon paste elec- 
trode. Flow-rate 2.0ml/min, injected sample size: 250~1. 
Carrier supporting electrolyte: O.lOM KC1 (PH 4.00). (A) 
Response to air injection for both chemically modified and 
unmodified electrodes; (B) NO, response of an unmodified 
carbon paste electrode; (C) NO, response of modified 

carbon paste electrode. 
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Fig. 4. Voltamperogram showing the response to NO2 
(25.0 ppb v/v) at a polymer-coated glassy carbon electrode. 
Flow-rate, 2.0 ml/min; injected sample size, 250 ~1; carrier 
supporting electrolyte, 0. 10M KC1 (PH 4.00). Polymer coat- 
ing produced with 12 cycles between 0 and + 1.3 V vs. 
Ag/AgCl with the glassy-carbon working electrode immersed 
in a 0.~~ solution of tris[%amino- 1, IO-phenan~rolinel- 
iron(H) perchlorate in acetonitrile (0.10~54 NaClO.,) at a 
scan rate of 50 mV/sec. (A) response at polymer-coated 
glassy-carbon electrode; (B) response at naked glassy- 

carbon electrode. 

glassy-carbon surfaces is shown. Figure 5 shows 
typical amperometric signals obtained under 
continuous-flow conditions at an applied potential of 
I .O V us. Ag/AgCl. The reduction signals observed at 
potentials below 0.6 V at unmodified glassy-carbon 
electrodes are interpreted as resulting from: 

N(IV) + e-+N(III) (6) 

The enhanced response at the polymeric 
film/glassy-carbon sensor does not result from the 
reactions above, but from the electrocatalytic pro- 
cess: 

Fe(H) + N(IV)-rFe(III) + N(II1) 

Fe(II1) + e - +Fe(II) 

The oxidation peaks at potentials above 0.6V at 
the naked glassy-carbon surface result from the con- 
version into N(V) in reaction (1) and the response at 
polymer-coated surfaces results from: 

FefIII) + N(IV)~Fe(II) + N(V) 

Fe(II)+Fe(III) + e - 

(A) 

As shown in Fig. 6, the N(IV) species behaves 

differently at the two types of modified electrodes. 
The presence of the polymer-based film favors a CE 
mechanism, whereas the response at the modified 
carbon-paste electrode may comprise both CE and 
EC processes. 

Eflect of density of Fe(U)/Fe(III) centers at the elec- 
trode surface 

An increase in the number of Fe(II)/Fe(III) centers 
per unit area should result, up to a point, in an 
increased response to NO,. 

With the carbon-paste electrodes, 10% of modifier 
provided the most sensitive surfaces, as shown in 
Table 1. The decrease in response with higher levels 
of modifier indicates that there is a critical ratio in the 
bulk composition of the paste. This could be inter- 
preted as the need for a given number of carbon 
centers on the surface to facilitate fast electron ex- 
change with the conducting material in the electrode, 

b b I 

air + 2.2 --f---- 4.4 + 6.6 &lI- 

Pm v/v 

Fig. 5. Typical transient signals due to NO, injection at a 
two working-electrode thin-layer cell. The cell is assembled 
with one naked glassy-carbon electrode and one chemically 
modified by polymer coating. (a) Response at naked glassy 
carbon; (b) response at polymer-coated electrode. Applied 
potentiaf 1 .O V vs. Ag/AgCl. Flow-rate 2.0 ml/min. Injected 
sample size 250 pl. Carrier supporting electrolyte. O.lOM 
KC1 (pH 4.00). Nitrogen dioxide concentration (ppb v/v) 
indicated below peaks. Polymeric coating effected as for 

Fig. 4. 

(6) 

,: *Fe-Fe -Fe- 

I 
-Fe-Fe-Fe- L 

Fig. 6. Idealized structural representations of the polymer-coated glassy carbon (A) and modified carbon 
paste electrodes (B). c(, Glassy carbon; 6, polymer layers containing the Fe(II)/Fe(III) immobilized centers; 
c, thin layer of supporting electrolyte bathing the electrode surface as a result of the imposed flow of 
carrier; d, modified carbon paste showing areas with predominantly graphite (shaded) and areas with 

predominantly iron complex; e, conducting surface (copper) completing the electrode. 
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Table 1. Effect of active site density at the surface of 
chemically modified electrodes with immobilized 

Fe(lI)/Fe(III) centers 

Carbon paste electrode modified 
by direct admixing with tris[4,7- 

diphenyl-l,lO-pben~~oline~ron(II~ 
NO, injected, perchlorate 

oob Modifier in paste, % i.,nA 

22.5 0 54 
2 78 
5 113 

10 314 
15 286 

16.4 10 212 
15 185 
20 139 

Polymeric tr$Samino- 
l,l~phenanthroline]iron(II) 

perchlorate on glassy carbon 
Number of cycles* i,, nA 

6.4 10 260 
20 220 
30 100 

*A surface coverage of about 1.2 x lo-* mole/cm’ is 
provided by every 10 cycles3 

because electron hopping, within areas occupied by 
the complex, is slower than electron transfer from 
complex to carbon electrode. 

Although electron hopping in the polymer-coated 
glassy-carbon electrodes is competitively fast,” a 
decrease in response would he expected as the num- 
ber of polymer layers deposited on the surface in- 
creases. Table 1 includes data verifying this ex- 
pectation, as reducing the number of cycles used for 
the electrochemical polymerization results in an in- 

NO, t ppb v/v 1 

Fig. 7. Dependence of signal height on injected NO2 concen- 
tration. (A) polymer-coated glassy-carbon electrode pre- 
pared with 10 cycles; (B) alder-coats glassy-carbon 
electrode prepared with 120 cycles; (C) modified carbon 
paste electrode; (D) naked glassy-carbon electrode. Applied 
potential 1.0 V us. Ag/AgCl. Flow-rate 2.0 ml/min. Injected 
sample size 250~1. Carrier supporting electrolyte O.lOM 

KC1 (PH 4.00). 

crease in signal. Figure 7, depicting calibration data, 
also provides insight into the expected analytical 
performance when the number of polymer layers is 
varied on the surface of glassy carbon. Increasing the 
number of layers increases the concentration range of 
NO, determinable, though at some expense in sensi- 
tivity (curves A and B). 

Effect of pH of carrier solution, injected sample size, 
and flow-rate 

Figure 8 shows the dependence of signal height on 
the pH of the carrier electrolyte solution. The same 
pH-dependence was observed with both types of 
chemically modified electrode. A pH of about 4 is 
recommended. Since the immobilized Fe(II)/Fe(III) 
centers show practically the same electrochemical 
response at pH l-5,” the observed behavior seems to 
be the result of the intrinsic rates of the chemical steps 
involved in the response, irrespective of the method 
of electrode construction. 

Sample sizes in the 100-300 ~1 range give the best 
sensitivity. The flow-rate giving the best compromise 
between sensitivity and time for return to baseline is 
in the neigh~rhood of 0.1 ml@c. which provides an 
injection rate of 100-200 samples per hour. 

Sensitivity, limit of detection, dynamic range, select- 
ivity, and stability 

The slopes of the calibration curves in Fig. 7 define 
the sensitivity, and the poller-film modified glassy- 
carbon sensor exhibits better sensitivity (18 nA~ppb) 
than the doped carbon-paste electrode. It also offers 
better linearity. As already mentioned, its sensitivity 
is a function of the number of layers (and hence the 
number of application cycles) deposited on the con- 
ducting surface. The value of 18 nA/ppb was ob- 
tained with electrodes modified by use of 122 cycles; 
if only l&20 cycles are used the sensitivity improves 
to 21.3 nA/ppb but the linear dynamic range is 
reduced to about 10 ppb. The limit of detection, 
calculated as the concentration corresponding to the 
blank (air) signal plus three times the standard devi- 

01 I I I I 
1 3 5 7 

PH 

Fig. 8. Effect of pH on signal height for NO, determination. 
Nitrogen dioxide concentration 5.5 ppb; applied potential 
1 .O V US. Ag/AgCl; flow-rate 2.0 ml/min; injected sample size 

136 pl; carrier supporting electrolyte O.lOM NaClO,. 
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Table 2. Repetitive response of a polymer-coated glassy 
carbon electrode to 18 ppb NOa; carrier supporting electro- 
lyte O.lOM KC1 @H 4.00); injected sample volume, 250 pl; 

flow-rate, 2.0 ml/min. 

No. of 
Age i, nA determinations 

Freshly prepared 325 + 12 10 
1 hr 338 5 10 10 
2hr 338 + 13 10 
3 hr 3462 15 8 
24 hr 353 & 3 3 
Electrode kept in contact with sup~rting electrolyte be- 
tween runs 

ation of this blank is about 2 ppb NOz. Figure 7 also 
shows the response to NO* at a naked glassy-carbon 
electrode; the poisoning of the surface and con- 
sequently the inadequacy of its use for NO* detection 
after a few injections can be observed. 

The electrode is insensitive to N,O and Oz but 
shows response to other oxidizing gases such as 
chlorine, and reducing species such as SO,. Chlorine 
gives no signal at -t 1 .O V vs. Ag/AgCl and then does 
not interfere with NO, determination, but it can be 
detected at +0.6 V, at which the electrode is insen- 
sitive to NOI. The response to SO, is about two 
orders of magnitude less sensitive than the response 
to NOz. 

Table 2 shows typical data illustrating the good 
short-term stability of the polymer-coated glassy 
carbon in continuous operation. The electrode could 
be stored in air or in supporting electrolyte without 
any significant difference in its performance. A 
modified glassy-carbon surface kept for a month in 
supporting electrolyte exhibited no deterioration and 
provided as good performance for NO, detection as 

(A) 

T PO#A 

(B) 

I 2~3 

Fig. 9. Cyclic voltamperograms for a polymer-modified 
glassy-carbon electrode before (A) and after 4 hr (B) use as 
an NO2 detector. Coating was performed with 122 cycles. 
Scan-rate 50 mV/sec. Supporting electrolyte 0.10M KC1 

(pH 4.00). 

when freshly prepared; this points to long-term shelf 
stability. There was no si~ifi~nt deterioration in the 
signal from surfaces used for detection for up to 7 hr 
continuously or more than one week intermittently. 
The relative standard deviation (typically 5%) is 
mainly the result of uncertainties arising from the 
mode of injection. Cyclic voltamperograms obtained 
with freshly prepared polymer-coated surfaces differ 
from those obtained with surfaces that have been 
used for repetitive determination of NO,. There is (a) 
greater peak separation and (b) a marked blurring of 
the peaks. This deformation in peak shape is more 
noticeable at low coverage. Evidently the protecting 
action of thicker films is responsible for this behavior, 
which is illustrated in Fig. 9. Response to NOI is not, 
however, significantly impaired and the surfaces can 
be used for detection in continuous-flow procedures 
despite the apparent change in cyclic voltammetric 
response. 

CONCLUSlONS 
The observations and discussion presented above 

point to the usefulness of chemically modified elec- 
trodes for the detection and determination of ox- 
idizing species, NO, in particular, under continuous- 
flow conditions. The continuous “bathing” of the 
sensor surface with supporting electrolyte ensures the 
presence of an unbroken film of ions to support 
electrical migration and satisfy the electroneutrality 
requirement. This, and the continuous-detection 
mode, are advantages resulting from the use of a 
continuous-flow mode of operation. 

Both types of surface modification described can 
be used for detection of NO,; the polymer-coated 
glassy-carbon surface, however, has characteristics 
that make it highly convenient. The modified carbon- 
paste electrode is easier to prepare and polish but its 
analytical performance (sensitivity and re- 
producibility) is inferior to that of the polymer- 
coated glassy-carbon surfaces. The limit of detection 
for NO, is competitive and the response is very 
selective towards this oxide of nitrogen. 

The clear advantages of electrocatalytic response 
by means of reversible redox mediators immobili~d 
on conducting surfaces and the protecting action of 
film coating are well illustrated in the results and 
observations presented. The practical aspects illus- 
trated here add to the increasing interest in electro- 
catalysis resulting from chemically modified elec- 
trodes.16 
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Summary-This paper describes the development of active materials for optically enhanced Raman and 
fluorescence spectroscopy. The substrates for surface-enhanced Raman scattering investigated in this study 
involved silver-coated microspheres on glass plates. The effect of various experimental parameters, such 
as angle of incidence and excitation wavelength, were investigated. The substrate used for surface 
luminescence analysis consisted of a cellulose membrane coated with fumed silica microparticles, to 
enhance the sensitivity of analysis. Examples of analysis of benzo[a]pyrene and its derivatives are used 
to illustrate the efficacy of the analytical techniques. 

The development of sensitive and selective methods 
and instrumentation for detection of trace quantities 
of toxic chemicals and related biological indicators is 
critical for the achievement of environmentally ac- 
ceptable and safe technologies. Problems pertaining 
to the identification of specific compounds at ultra- 
trace levels, the analysis of complex mixtures, and the 
assessment of biological effects continue to create 
new analytical challenges. 

An important problem area in chemical analysis is 
the sensitive characterization of complex mixtures. In 
order to detect minute amounts of a compound in a 
complex “real-life” sample, analytical techniques 
must be able not only to differentiate compounds 
having different molecular sizes but also to identify 
specific substituents and/or derivative chemical 
groups attached to the basic structure. In many 
situations, several techniques are required to pro- 
vide unambiguous identification and accurate 
quantification. The various analytical techniques 
investigated in our laboratories for trace organic 
analysis include synchronous luminescence,‘.2 room- 
temperature phosphorescence,‘” surface-enhanced 
Raman spectroscopy>* and fiber-optics laser spec- 
troscopy.‘*iO For many of these techniques, research 
has been directed towards development of methods, 
instruments or substrate materials that can improve 
the selectivity and sensitivity of the analytical tech- 
niques. For instance, heavy atoms and cyclodextrins 
were used to enhance phosphorescence analysis,4 and 
antibodies were developed to improve the specificity 
and sensitivity of laser-based biochemical sensors.9.‘0 

*Author to whom correspondence should be addressed. 

This paper presents an overview of some recent 
advances in the development of Raman and lumin- 
escence methods of analysis. 

In this study, the development of various active 
materials for Raman and fluorescence analysis is 
discussed. The substrates for surface-enhanced 
Raman scattering (SERS) studies consisted of glass 
plates covered with silver-coated microspheres. The 
effects of experimental factors such as angle of inci- 
dence and excitation wavelength were investigated 
in detail. The results obtained with SERS-active 
substrates for in situ analysis are presented for 
benzo[u]pyrene r-7,t-8,9,10-tetrahydrotetrol. In lu- 
minescence analysis, cellulose substrates were devel- 
oped for rapid screening of organic chemicals by the 
synchronous luminescence spot-test method. The use 
of fumed silica microparticles to enhance the sensi- 
tivity of fluorescence analysis is described. Examples 
with benzo[u]pyrene were used to illustrate the 
efficacy of the spot-test method. 

The SERS technique 

The discovery of SERS ii*‘2 has stimulated a great 
deal of research activity over the past few years.” 
Extensive efforts have been devoted to the in- 
vestigation and determination of the sources of en- 
hancement. The experimental facts related to SERS, 
and the enormous Raman enhancement, are believed 
to be the result of several mechanisms. There are at 
least two major types of mechanism that contribute 
to the SERS effect: (a) an electromagnetic effect 
associated with large local fields caused by electro- 
magnetic resonances occurring near metal surface 
structures, and (b) a chemical effect involving a scat- 
tering process associated with chemical interactions 
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between the molecule and the metal surface. Some 
aspects of SERS, such as the contribution of electro- 
magnetic interactions, have been extensively in- 
vestigated and are reasonably well understood. Other 
aspects, such as the contribution of chemical effects, 
are less well known and are currently topics of 
extensive research. The reader is referred to a number 
of reviews for further details.‘3-‘5 

Electromagnetic interactions between the molecule 
and the substrate are believed to provide most of the 
enhancement in the SERS process, and are divided 
into two major classes: (a) interactions that 
occur only in the presence of a radiation field, and 
(b) interactions that occur even without a radiation 
field. 

The class (a) interactions are believed to play a 
major role in the SERS process. A major con- 
tribution to electromagnetic enhancement is due to 
surface plasmons. Surface plasmons are associated 
with collective excitation of surface conduction elec- 
trons in metal particles. Raman enhancements result 
from excitation of these surface plasmons by the 
incident radiation. At the plasmon frequency, the 
metal becomes highly polarizable, resulting in large 
field-induced polarizations and thus large local fields 
on the surface. These local fields increase the Raman 
emission intensity, which is proportional to the 
square of the applied field at the molecule. Additional 
enhancement is due to excitation of surface plasmons 
by the Raman emission radiation from the molecule. 

Surface plasmons are not the only source of en- 
hanced local electromagnetic fields.‘3,‘4 Other types of 
electromagnetic enhancement mechanisms are: (a) 
concentration of electromagnetic field lines near high- 
curvature points on the surface, i.e. the “lightning 
rod” effect, (b) polarization of the surface by dipole- 
induced fields in adsorbed molecules, i.e., the image 
effect, and (c) Fresnel reflection effects. 

The chemical effect is associated with the overlap 
of metal and adsorbate electronic wave-functions, 
which leads to ground-state and light-induced 
charge-transfer processes. I3914 In the charge-transfer 
model, an electron of the metal, excited by the 
incident photon, tunnels into a charge-transfer ex- 
cited state of the adsorbed molecule. The resulting 
negative ion (adsorbate molecule plus electron) has 
a different equilibrium geometry from the original 
neutral adsorbate molecule. Therefore, the charge- 
transfer process induces a nuclear relaxation in the 
adsorbate molecule which, after the return of the 
electron to the metal, leads to a vibrationally excited 
neutral molecule and to emission of a Raman-shifted 
photon. The “adatom model” also suggests 
additional Raman enhancement for adsorbates 
at special active sites of atomic-scale roughness, 
which may facilitate charge-transfer enhancement 
mechanisms.‘3m’5 

Synchronous luminescence spectroscopy 

Luminescence measurement involving two experi- 

mental parameters (excitation and emission wave- 
length) has long been recognized to offer superior 
spectral selectivity over absorption techniques. In 
conventional luminescence spectroscopy, either the 
excitation (A,,) or the emission wavelength (,$,,) 
remains fixed. With synchronous luminescence (SL), 
A,, and &,, are scanned simultaneously with a fixed 
wavelength interval, A1, between them. 

Improved selectivity with minimal increase in com- 
plexity is the main advantage of this method. In 
general, the spectral structure of the system becomes 
better resolved because of bandwidth narrowing of 
the individual emission lines and decrease of spectral 
overlap from various components in the mixture. The 
methodology and rationale for this technique have 
been discussed previously. ‘.’ Another major attribute 
of the synchronous technique is the simplicity of 
instrumentation. The technique often requires no 
additional equipment other than the spectrometer 
used in conventional fixed-excitation measurement. 
Several instruments, where interlocking of the two 
monochromators is a standard feature, are commer- 
cially available. More recently the SL concept has 
been extended to the constant-energy scanning 
method.‘(’ The concept of synchronous excitation- 
emission can be applied both to fluorescence 
(synchronous fluorimetry, SF), and phosphorescence 
(synchronous phosphorimetry, SP). In the case of SF, 
the Stokes shift determines the optimum value of Al 
and is often set at 3 nm. For SP the singlet-triplet 
energy difference determines the optimum value of 
AA.” 

EXPERIMENTAL 

Instrumentation and procedures 
Raman measurements. Raman spectra were measured 

with two Raman spectrometers. The first consisted of a Spex 
Model 1403 double monochromator with a Spex Datamate 
DMl control and data-acquisition system. The detection 
employed the photon-counting technique, accomplished 
with a cooled RCA C31034-02 photomultiplier tube. 
Excitation was provided by a Spectra Physics Model 
166 argon-ion laser, a Coherent Radiation Model Innova 
90K krypton-ion laser, or a Liconix Model 4240PS 
helium-cadmium laser. 

The second system was based on a Jobin-Yvon/ISA 
Ramanor 2000M double monochromator. The data- 
acquisition system was an LSI II/23 minicomputer pur- 
chased from data Translation Corporation and a DSD/880 
Winchester/floppy disk drive. Photon counting was accom- 
plished as for the first instrument. The excitation was 
provided by a Spectra Physics Model 171 argon ion laser. 

The substrate preparation involved two steps. The first 
was the deposition of microbodies (such as polystyrene latex 
spheres or titanium oxide particles) on glass plates. This was 
accomplished by placing a glass slide on a spin-coating 
device, putting a few drops of sphere/water suspension on 
the slide, and immediately spinning the slide at 2000 rpm for 
20 sec. Spinning has been found necessary to preclude 
clumping of spheres on the glass surface. The spheres 
adhered to the glass, providing uniform coverage. The 
second step was the coating of the sphere-covered glass slide 
with silver. The slide was attached to a motor mount and 
placed inside a vacuum evaporator (Thermionics Labora- 
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Fig. I. Scanning electron micrographs (taken with an ISI DS 130 inst~ent) of silver-coated microsphere 
substrates (176~nm diameter spheres). Substrates prepared with: (a) 0.33%; (b) 1%; (c) 3.3%; and 

(d) 10% w/w suspensions. 

tory Inc.), then rotated over the silver source at an angle of 
40” to the direction of silver evaporation. The pressure was 
less than 5 x IO-& torr. The rotation at an angle was to 
ensure uniform coverage with silver. The rate of silver 
deposition was controlled at approximately 1.5-2.0 nmjsec. 
The rate and thickness of silver deposition were measured 
with a Kronos Model QM-311 quartz crystal thickness 
monitor, with a relative standard deviation of 10%. After 
deposition of the silver, 2-4 ,ul of sample solution were 
spotted on the silver-coated substrate. The Raman spectrum 
was then scanned over the region of interest. For solution 
measurements, 1 ml of the sample solution was pipetted into 
a standard silica cell. The silvered substrate was then 
inserted directly into the cell and the SERS spectrum was 
recorded. 

Luminescence measurements. All fluorescence spectra were 
obtained with a Perkin-Elmer 65&40 ultraviolet spec- 
trometer equipped with a 150-W xenon lamp excitation 
source and a R928 Hamamatsu photomultiplier tube. Data- 
acquisition and s~trometer~ontrol were a~omplished 
with an IBM-XT computer. 

Spot-test measurements were made in the following man- 
ner. First 2.5 11 of a 5% w/v aqueous suspension of grade 
LM 130 fumed silica were applied to filter paper and allowed 
to dry for approximately 2 min. On the same spot, 2.5 /II 
of 1 x lo-‘M ethanolic solution of benzo[a]pyrene (BaP) 
were applied. The fluorescence of BaP without sensitizing 
agent (fumed silica) was also measured and plotted on the 
same scale for comparison. Appropriate background spec- 
tra were obtained and subtracted for all measurements. For 
excitation scans, the emission wavelength was set to 408 nm; 
for emission scans, the excitation wavelength was set to 378 
nm. For synchronous luminescence m~surements, AR was 
set at 17 nm. The spectral resolution was set at I.0 nm for 
all measurements. 

Materials and reagents 

Amorphous fumed silica (grade LM130) was obtained 
from the CABOT Corporation. Benzo[a]pyrene was ac- 
quired from the National Institute of Health Repository. 
Spectral grade ethanol was purchased from Warner Graham 
Company and distilled water was purchased from American 
Scientific Products. Grade 204319 filter paper from 
Schleicher and Schuell Inc. was used for a11 m~surements. 

Ordinary glass microscope slides were used as a base for 
the substrates. Polystyrene latex spheres were purchased as 
10% w/v suspensions from Duke Scientific Corporation, 
Palo Alto, California. All chemicals were commercially 
available and only those of highest purity were purchased. 

RESULTS AND DISCUSSION 

Studies of SERS substrates 

Figure I shows scanning electron micrographs of 
SERS-active substrates consisting of silver-coated 
microsphere on solid surfaces. An important advan- 
tage of these substrates is their ease of preparation. 
In general, microspheres have been used on filter 
paper substrates, which provide simple and inexpen- 
sive practical supports.” For the present studies we 
used glass plates as solid planar supports. The size of 
the surface microstructure can be easily controlled by 
simply selecting the appropriate microsphere sizes. As 
illustrated in Fig. 1, the density of the micro- 
protrusions on the surface can also be controlled by 
varying the concentration of the suspension of 
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Table I. SERS intensity* as a function of excitation wavelength 

Sphere Silver Excitation wavelength, nm 
size, thickness, 
nm nm 676.4 647.1 568.2 514.5 501.7 488.0 472.7 457.9 441.6 

482 112 wt w w 672 386 234 50 18 2.8 
364 64 w w w 595 353 178 85 19 3.0 
261 64 W W W 80 59 59 I1 4.0 0.62 
176 48 w w 271 866 258 262 65 12 0.62 
91 19 w w 119 325 132 41 24 5.0 0.43 
38 6.4 W W W 52 25 22 6.1 2.4 W 

*Photon counts.sec-’ .mW-‘, absorption maximum = 396 nm, angle of incidence of 
exciting radiation = 65”, I-nitropyrene/EtOH (10m4M, 4 ~1 sample). 

tW = weak signal, indistinguishable from background noise. 

176-nm diameter microspheres used in the prepara- 
tion of the substrate. The microsphere suspension 
concentrations investigated ranged between 0.33 and 
10% w/w. Lower concentrations of the microspheres 
(0.33, 1 and 3.3%) produced substrates having micro- 
protrusions separated from one another whereas a 
concentration of 10% produced a substrate with, 
closely packed microspheres. Substrates prepared 
with 1% solution gave the best SERS enhancement 
for 176-nm microspheres. 

In this work, silver was used as the coating metal 
for SERS substrates. Previous research had indicated 
that the type of metal on the surfaces is an important 
factor affecting the SERS effect-l3 Silver exhibits the 
strongest enhancement, followed by copper and gold. 
The development of SERS as an analytical technique 
is relatively recent and many experimental factors 
require careful optimization in order to yield the 
maximum signal enhancement. One of the major 
difficulties in the development of the SERS technique 
for analytical applications is the development of 
surfaces or media that have an easily controlled 
protrusion size and reproducible structure. In a pre- 
liminary work’ we have shown that the SERS effect 
depends upon several factors, including excitation 
wavelength, sphere size, and silver coating thickness. 
Using 364-nm diameter sphere, and different ex- 
citation frequencies we measured the SERS signal 
intensity. In the present study, we further investigated 
this excitation-dependence effect for a variety of 
sphere size and silver coating thickness combinations. 
The 1240-cm-’ vibration of 1-nitropyrene was used 
as the reference signal. Different excitation fre- 
quencies from five argon-ion laser emission lines, 
three krypton-ion laser lines, and one helium- 
cadmium laser line were used. Comparative mea- 
surements of the Raman enhancement were made by 
varying the excitation wavelength for six sphere sizes 
from 38 nm to 482 nm. The results of the excitation 
wavelength study are given in Table 1. All Raman 
experimental factors must be taken into account 
in the selection of optical conditions. For our 
spectrometer/photomultiplier combination the sensi- 
tivity drops strongly with increase in wavelength. 
Maximum SERS signals are obtained with the 

5 14.5-nm excitation. The relative standard deviation 
of our measurements is approximately 15%. 

Another important experimental parameter that 
can affect SERS signals is the angle of incidence. 
Comparative measurements of the enhancement ob- 
tained with the silver-coated sphere substrates were 
made by varying the angle of incidence of the exciting 
radiation. A standard geometry with the excitation 
beam at right angles to the direction of detection was 
employed. Therefore, the angle of detection changed 
when the angle of incidence changed. Figure 2 shows 
a diagram of the geometry. Table 2 gives a summary 
of the data taken from five different sample runs. 
During each sample run, a series of SERS mea- 
surements was taken for each incident angle. The 
results in Table 2 show the relative variation of the 
SERS signal during each sample run. Note that 
signals from different samples used in different sam- 
ple runs were not normalized and, therefore, are not 
directly comparable. Glass slides, covered with 
176-nm diameter spheres which were coated with a 
layer of silver 48 nm thick, were used as the substrate. 
The experimental SERS intensities increased rapidly 
as the incident angle of exciting radiation increased 
from 10” to approximately 60”, then very little as the 
angle of incidence was further increased to 80”, and 

Fig. 2. Experimental set-up for angle of incidence studies 
(a = detection angle; /I = incidence angle). 
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Table 2. SERS intensity* as a function of angle of incidence 

Incidence Intensity 
angle, ~- 

Runt \denrees 10 20 35 50 55 60 65 70 75 80 85 

85” -+ 55” NM5 NM NM NM 378 391 464 475 167 90 62 
50” --t 85” NM NM NM 69 92 141 136 128 136 144 114 
85” -P 50” NM NM NM 206 163 236 173 259 239 207 112 
10” + 80” 41 105 143 243 NM NM 450 NM NM 422 
80” -) 10 35 77 167 344 NM NM 423 NM NM 372 

*SERS intensity = photon counts. see-’ mW- ‘, 176~nm spheres, 48-nm thick silver, 514.5 nm 
excitation, I-nitropyrene/EtOH (10e4M, 4 ~1). 

tDirection of increasing or decreasing incident angle. 
§NM = not measured. 

finally decreased as the angle of incidence was 
changed from 80” to 85”. 

In situ SERS analysis 

The development of SERS-active substrates that 
allow direct measurements in liquid samples is essen- 
tial for in situ analysis. SERS has been observed with 
use of different solid substrates such as metal elec- 
trodes, metal islands, films, glass or cellulose coated 
with silver-covered microspheres.i3 Most SERS stud- 
ies with solid substrates have been performed in the 
dry state, so far, or with metal electrodes and colloidal 
solutions. In this work, we investigated the technique 
of measuring SERS in solution by using a glass plate 
covered with silver-coated latex microspheres as the 
substrate. 

Benzo[a]pyrene (r -7, t -8,9, IO-tetrahydrotetrol) 
(BPT) was used in this study. BPT is the product 
obtained by acid hydrolysis of benzo[a]pyrenediol 
epoxide (BPDE), r -7, t -8dihydroxy-t -9, lo-epoxy- 
7,8,9,10-tetrahydrobenzo[a]pyrene, a major carcino- 
genic metabolite involved in binding to DNA.‘* 
In previous works BPT samples were analyzed in 
the dry state by using the room temperature 
phosphorescence” and SERSZo techniques. A 5-p I 
sample of the solution was spotted onto the substrate, 
allowed to dry, and then subjected to SERS analysis. 
In the present work, SERS analysis was performed in 
situ with the substrate in direct contact with the liquid 
sample. 

Another difference in the solution SERS technique 
is the substrate geometry with respect to the incident 
laser beam. It was found that by focusing the laser 
beam onto the back of the substrate (the laser beam 
penetrates first the glass, then the microsphere sub- 
strate and the silver layer, and finally the scattering 
molecule) and by collecting the SERS signal also 
from the back side of the substrate, the solution 
SERS intensity was enhanced approximately twofold 
(Fig. 3). This geometry is unusual; normally SERS 
measurements in the dry state are done by focusing 
the laser beam onto the silver-coated side of the 
substrate. Similar observations have been reported by 
Jennings et al. 21 for copper and zinc phthalocyanine 
complexes adsorbed on silver island films. They at- 
tributed observation of the SERS signal from the 

back to the non-continuous nature of the silver film. 
Also, in excitation from the back, the observed 
scattering was mainly due to molecules forming the 
first monolayer of the phthalocyanine film. A similar 
process is most likely responsible for the increased 
SERS signal from adsorbed molecules observed when 
the back-excitation geometry is used in solution 
SERS. There is, however, a noteworthy difference 
between the substrate surface consisting of silver 
islands used in the previous work” and the one used 
here, which has a continuous 75nm thick layer of 
silver. The detection of the SERS signal in the back- 
geometry configuration on the present work indicated 
that the Raman radiation could be transmitted 
through the silver layer. Similar results have been 
observed in our work on development of SERS-based 
biochemical sensors.** 

An important feature of the solution SERS method 
is that we were able to obtain SERS spectra with a 

A 

Fig. 3. Substrate for in siru analysis: (A) front surface SERS 
measurements; (B) back surface SERS measurements. 
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Fig. 4. In siru SERS spectrum of henzo[a]pyrene r-7,?-8,9,10-tetrahydrotetrol in solution. 

very high signal-to-noise ratio with a portable, air- 
cooled argon-ion laser using a laser power of only 
IOmW. This aspect is important because it would 
eliminate the need to use the powerful and expensive 
lasers that are normally used with Raman spec- 
troscopy and demonstrate the feasibility of a portable 
SERS system. 

Figure 4 shows the solution SERS spectrum of a 32 
ppm BPT solution, obtained with the portable argon- 
ion laser and a glass-slide with silver-coated micro- 
spheres. The back-geometry arrangement was used. 
This spectrum is very similar to the SERS spectrum 
of BPT (dry sample) adsorbed on a silver-coated 
cellulose substrate.20 It shows three major bands at 
1256, 1384 and 1620 cm-‘. The peaks at 1384 and 
1620 cm-’ are superimposed on broad bands 
(1300-1600 cm-‘) that might be related to the sub- 
strate. These broad bands were similar to those 
observed previously in Raman scattering on a silver 
surface in tunnelling structures23 and on poly- 
crystalline silver treated in potassium cyanide solu- 
tions.24 They were attributed to Raman scattering 
from contaminated carbon.23,25 The exact nature of 
this broad emission is under investigation. Weak 
bands at 1520, 1172, 990 and 815 cm-’ are also 
present in the solution SERS spectrum of BPT. In 
general, the bands and the spectral shape of the 
solution SERS spectrum of BPT are comparable to 
those of the spectrum of BPT adsorbed on a cellulose 
substrate. The limit of detection (LOD) of BPT with 
the maximum SERS peak at 1384 cm-’ was also 
calculated. Although the experimental parameters 
were not optimized, the limit of detection for BPT in 
solution was 0.73 ppm. 

Fumed silica substrates for the SL spot-test 
Fluorescence is often one of the most sensitive 

analytical tools which can complement Raman spec- 
troscopy for the detection of organic substances such 
as the polyaromatic compounds. In this study, we 
investigated active solid substrates for the syn- 
chronous luminescence (SL) technique used as a 
rapid spot-test procedure to analyze organic samples 
spotted onto solid substrates. Benzo[a]pyrene (BaP) 
was selected as the model compound. This compound 
has great environmental and biological significance 
since it has been found in many industrial and 
residential environments and is known to be carcino- 
genic in animal laboratory bioassays.” There is, 
therefore, a great deal of interest in simple analytical 
techniques for BaP detection. As far as we know, this 
is the first time that the SL method has been applied 
to solid-surface measurements by use of a simple 
spot-test procedure. Most previous SL studies were 
performed with liquid solutions. Scattered light is an 
important factor in solid-surface measurements by 
SL, for several reasons. Cellulose substrates generally 
have highly reflective surfaces and can produce 
scattered light. Front surface illumination/detection 
geometry for solid-surface measurements produces 
higher levels of scattered light than do solution 
measurements, where a 90” geometry is generally 
used. All these problems are more pronounced in the 
SL technique, where the excitation and emission 
wavelengths are often very close. With background 
subtraction, the spectral overlap effect of scattered 
light can be decreased substantially, thus making 
the spectral features of the analytes more easily 
distinguishable. 

1600 
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Fig. 5. Emission fluorescence spectra of benzo[a]pyrene: Fig. 7. Synchronous fluorescence spectra of benzo[u]pyrene: 
---on filter paper; - on paper treated with fumed silica. --- on filter paper; - on paper treated with fumed silica. 

Another important feature of this work is the 
treatment of the cellulose substrate with fumed silica 
to induce enhanced fluorescence signals. Figures 5 
and 6 show the excitation and emission spectra of 
BaP adsorbed on filter paper treated with fumed 
silica. For comparison, spectra obtained with BaP on 
paper substrates without fumed silica are also shown. 
The samples consisted of 2.5 ~1 of a 1W4M solution 
of BaP in ethanol. Background subtraction was 
performed to obtain the spectra. The emission 
(excitation) spectra were obtained with excitation 
(emission) at 372 nm (408 nm). Figure 7 depicts the 
corresponding synchronous fluorescence spectrum of 
BaP. The results indicate that the intensity of the 
synchronous fluorescence is about three times that 
obtained with the paper treated with fumed silica. 

Fumed silica materials have a sub-pm particle size; 
particles with diameters varying from 0.007 to 
0.027~m have been investigated. Although further 
investigations are required, the fluorescence enhance- 
ment effect of the fumed silica treatment might have 
several causes. The effect of fumed silica is not a 
“sensitized luminescence” effect. Sensitized lumi- 
nescence refers generally to the photophysical process 
by which the excitation energy absorbed by a donor 
molecule is transferred to an acceptor molecule, the 
luminescence of which is detected.26 The fluorescence 
enhancement might be due to an improved ad- 

ooot--------’ ’ ’ . I a . 
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Fig. 6. Excitation fluorescence spectra of benzo[n]pyrene: 
--- on filter paper; - on paper treated with fumed silica. 
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sorption of BaP into the surface treated with fumed 
silica. Fumed silica may help to retain more 
BaP molecules on the surface. The microstructure 
of fumed silica particles might also induce surface- 
enhanced mechanisms in the fluorescence emission. 
Investigations are currently under way to study the 
nature and extent of this enhancement mechanism. 

The results of this study demonstrate that the use 
of fumed silica as a fluorescent-enhancing agent is 
attractive for several reasons. Fumed silica is an 
inexpensive material which is easy to handle. It is 
inert, and exhibits no interfering fluorescence emis- 
sion. The procedure is simple, rapid, and cost- 
effective, and therefore suitable for routine analyses. 

CONCLUSION 

Raman and luminescence spectroscopy are spec- 
trochemieal techniques that have a number of 
important advantages for chemical analysis. The 
examples shown in this work illustrate the different 
uses of the two techniques for the detection of 
important biological compounds such as nitro- 
pyrene, benzo[a]pyrene and related products. These 
compounds are polycyclic aromatic molecules, which 
are generally strongly fluorescent and can be easily 
detected by luminescence. At room temperature, a 
simple spot-test method can be used to screen these 
compounds in the environment. Room-temperature 
phosphorescence (RTP) can also be used, but dis- 
cussion of recent developments in RTP is beyond the 
scope of this work. Luminescence spectra exhibit 
reasonably well-resolved emission bands, but their 
spectral selectivity is limited at room temperature. At 
room temperature, Raman spectroscopy can provide 
an analytical tool having analytical figures of merit 
that complement those of luminescence. The Raman 
technique is well known for its high selectivity. The 
SERS technique, which can amplify the Raman signal 
by several orders of magnitude, wilf therefore provide 
a technique with the added merit of improved sensi- 
tivity due to the surface-enhanced effect. 
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Summary-Electrodeless conductivity is a technique for measuring the concentration of electrolytes in 
solution and utilizes a probe consisting of two toroids in close proximity, both of which are immersed 
in the solution. In special cases, the toroids may be mounted externally on insulated pipes carrying the 
solution. One toroid radiates an alternating electric field in the audiofrequency range and the other acts 
as a receiver to pick up the small current induced by the ions moving in a conducting loop of solution. 
Coatings which would foul contacting electrodes, such as suspensions, precipitates or oil, have little or 
no effect. Applications are chiefly to continuous measurement in the chemical processing industries, 
including pulp and paper, mining and heavy chemical production. The principles and practical details of 
the method are reviewed and cell-diameter, wall, and temperature effects are discussed. 

Measurement of the electrical conductivity of a solu- 
tion is useful in both physical and analytical chemical 
studies. It is used for determining the degree of 
dissociation and the ionization constants of weak 
electrolytes, the study of precipitation and complex 
formation reactions, the determination of solubility 
products and formation constants, and for reaction- 
rate studies. Analytical applications include direct 
quantitative analysis of strong and weak acids and 
bases, salt solutions, and aqueous and non- 
aqueous conductometric titrations. Industrial appli- 
cations include continuous monitoring of ocean- 
ographic salinity, aluminum and pulp industry 
processing liquors, pickling, plating, anodizing and 
degreasing baths, and chromatographic eluates.‘T2 

The classical technique measures the electrical 
resistance (or its reciprocal, the conductance) be- 
tween two inert conducting electrodes in contact with 
the solution. Alternating current is usually employed 
to minimize electrolytic reactions and polarization at 
the electrode/solution interface. The frequency of the 
applied voltage is chosen to minimize the effects of 
the impedance of the electrode/solution interface and 
various other capacitances. Physical chemical studies 
of conductivity and its theory and practice are dis- 
cussed in standard reference works.’ 3 Conductivity 
measurements are routinely accurate within a few 
tenths of I%, and are reliable and continuous. How- 
ever, difficulties often arise because of contact of the 
electrodes with the solution, In addition to the more 
subtle problems of capacitance and polarization 
errors, coatings may increase the impedance of the 
interface, changing both the capacitive and conduc- 
tive components. The significance of this effect de- 
pends on the magnitude of the conductivity being 

*Present address: 4 Webster Road, Lexington, MA 02173, 
U.S.A. 

fPIease address requests for further info~ation to this 
author. 

measured and the nature of the coating. Insulating or 
diffusion-hindering layers may be formed by oils, 
metal precipitates, waste streams, and body fiuids. 
Coating is especially prevalent in alkaline solutions 
where anions such as phosphate, carbonate, hydrox- 
ide, and sulfate form precipitates with heavy-metal 
ions, in suspensions such as latex, and in the liquors 
of the pulp, paper and aluminum processing indus- 
tries. 

Conductance measurements may also be made 
without electrodes in contact with the solution. There 
are two frequency domains in which this occurs. The 
first is a high-frequency method in the MHz region. 
The electrodes take the form of a pair of metal sheets 
or bands on the outside of the sample cell, which is 
made of an insulating material such as glass. Altema- 
tively, the glass-encased sample may be placed inside 
an induction coil which is part of the detection 
circuit. In the first case the glass plays the part of the 
dielectric in a capacitor in series with the impedance 
of the sample. The frequency of the applied voltage 
is high enough to make the impedance of the capac- 
itor relatively low in comparison with that of the 
sample. Even so, the measured impedance is a com- 
plex function of the dielectric constant and thickness 
of the glass, the conductivity and dielectric constant 
of the sample, and the frequency of operation. 

High-frequency conductometry, also called 
oscillometry, has been treated extensively by Blake,4 
Sherrill et aLs and Pungor,* and is now seldom used. 
The most recent paper known to us concerned the 
electronic design of a high-frequency oscillometer 
and appeared in 1981.’ The use of noncontacting 
electrodes when electrode coatings would have a 
significant effect on the cell constant, was the subject 
of a paper by Pungor et al.’ This approach has not 
become popular though it has been developed for 
determining the end-point of a titration and for 
dete~ining dielectric constants. ~iIlometry will 
not be discussed further in this paper. 

235 
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A second method of measuring conductance with- 
out the use of contacting electrodes has become 
popular, especially in the chemical process industries. 
Usually referred to simply as “electrodeless conduc- 
tivity”, it has also been called “inductive” or “mag- 
netic” conductivity. This method is the subject of this 
paper and is described below. 

Electrodeless conductivity was initiated by Relis, 
who discussed it in a thesis in 1947.9 Subsequent 
improvements were made by Fielden,” who described 
a method for mounting the toroids on a non- 
conducting pipe external to the electrolyte solution, 
by Gross,” who improved the coupling and efficiency 
of the toroid cores, and by Koski, who designed a 
high-temperature probe. I2 Although instruments for 
electrodeless conductivity measurement have been 
commercially available since the 1950s for process 
industry applications, there is relatively little litera- 
ture on the subject. A historical perspective and 
literature review to 1988 has been given by Light.13 
The present paper will discuss some of the principles 
and technical details of the method. 

The electrodeless conductivity measuring system 
utilizes a probe consisting of two encapsulated to- 
roids in close proximity to each other, as shown in 
Fig. 1. One toroid radiates an electric field in the 
solution, while the other acts as a receiver to pick up 
the small alternating current induced in the electro- 
lytic solution, as illustrated in Fig. 1. The equivalent 
electrical circuit (Fig. 2) is two transformers con- 

nected by a resistance which corresponds to the loop 
of conducting solution which couples the two toroids. 

Several configurations for the sensing cells are 

possible. Cells designed for immersion and available 
in several sizes are shown in Fig. 3. The toroids are 
covered with a chemically resistant fluorocarbon 
or other high-temperature resistant nonconducting 
material. Any precipitates or coatings adhering to 
this probe have little or no effect on the measured 
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Fig. 1. Principle of the electrodeless conductivity cell and 
instrument. 
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Fig. 2. Equivalent electrical circuit for electrodeless conduc- 

tivity cell. 

conductance as long as they do not displace a 
significant fraction of the solution. 

The radiating toroid is energized from a stable 
audiofrequency source, typically 20 kHz. The pick-up 
toroid is connected to a receiver which controls the 
current through the secondary winding so as to hold 
the total flux in the pick-up toroid at zero. This 
current, which is proportional to the solution conduc- 
tivity, is then amplified, converted into direct current 
and displayed on a meter or an analog strip-chart 
recorder. It may also be used to control a reagent 
valve or an alarm or to signal a computer. The output 
is a direct function of the conductance of the solution 
in the loop, as in traditional measurement with 
contacting electrodes. 

The full scale range of commercially available 
instruments extends from O-100 pS/cm to &2 S/cm, 

*with a relative error of a few tenths of 1% of 
full-scale. (The siemens, S, is the SI unit for conduc- 
tance and is identical with the “mho” or reciprocal 
ohm.) Conductance is temperature-dependent and a 
temperature sensor with a compensation circuit 
which corrects all readings to the standard reference 
temperature of 25” is incorporated in the toroid 
probe. Many salts have conductivity temperature 
coefficients of about 2% per degree. The temperature 
coefficients are nonlinear and in some cases may vary 
from 2 to 7% per degree over a 100” range.r4 
Microprocessor-based electrodeless conductivity in- 
struments may provide compensation for this lack of 
linearity.” 

The electrodeless conductivity technique using low- 
frequency inductive cells is available for analysis and 
control in the chemical process industries and in 
other continuous monitoring applications. Although 
it is more stable and accurate than the contacting 
electrode conductivity techniques, and needs no 
maintenance, the lack of bench models of this type 
has hindered its laboratory use and application to 
date. 

Two of the reasons why electrodeless conductivity 
is not favored as a laboratory tool are the size of the 
probes and the sample size requirement. The smallest 
electrodeless probe is about 3.8 cm in diameter and 
has an equivalent cell constant of 2.5 cm-‘. It re- 
quires a minimum solution volume of several hun- 
dred ml to ensure that there is a complete loop in the 
solution, without any wall effects to distort the 
apparent cell constant. For a large probe of 8.9 cm 
diameter, the cell constant is 0.45 cm-’ and a solution 
volume of several liters may be needed, as discussed 
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Fig. 3. Various types of immersion cells for electrodeless conductivity with an associated instrument 
(courtesy of The Foxboro Company). 

below. For the lower conductance ranges, which 
require a smaller cell constant, the diameter of 
the probe and the measuring container must be 
increased. Accurate measurement of conductivity 
below approximately lOpSS/cm is not practical. 

The experiments and applications described here 
were carried out with electrodeless conductivity sen- 
sors and instrumentation produced by The Foxboro 
Company and made especially for continuous on-line 
measurements in the process industries. Although 
this equipment is not designed for laboratory scale 
work, some “beaker” experiments may readily be 
performed. The instrument output is in the form of 
the signals usually desired for process and control 
instrumentation, such as elevated zero, 4-20 mA 

current or O-10 V d.c. Reproducibility is 0.1% of full 
scale and suppressed zero ranges are available to 
increase the sensitivity to low-level conductivity 
changes in the presence of higher conductivity back- 
grounds. The electrodeless conductivity method 
is useful over most of the conductivity spectrum, 
although it is not considered applicable to low- 
conductivity liquids such as distilled or demineralized 
water. 

Figure 3 shows an electrodeless conductivity in- 
strument with several immersion sensors ranging in 
diameter from 3.8 to 8.9 cm. Various construction 

materials are used to cope with harsh process condi- 
tions such as an alkaline environment at up to 190” 
and 1.75 MPa (250 psig). The monitoring instrument 
may be line operated, or coupled to a two-wire 
transmitter which sends the power to the instrument 
over the same lines through which the sensing signal 
is returned. A microprocessor-controlled instrument 
has been described by Queeney and Downey.” It 
provides temperature compensation, conductivity- 
and temperature-curve characterization and cali- 
bration, flexible ranging, output expansion, damping, 
and suppression. 

The cell constant, also called the cell factor, for 
conventional contacting conductivity electrodes is 
theoretically determined by the ratio of the distance, 
d (cm), separating the conductivity faces, to the area, 
A (cm2), of the electrodes. The ratio, T, is referred to 
as the cell constant, with units of reciprocal length 
(cm-‘). 

The corresponding cell constant for electrodeless 
conductivity sensors may also be determined. This 
cell constant is effectively governed by the ratio of the 
current path-length to the cross-sectional area of the 
hole in a doughnut-like toroid. However, end-effects 
and the geometrically complex current-distribution 
outside the toroid present difficulties in the accurate 
computation of the constants for toroidal cells. In 
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practice the electrodeless conductivity cell constant, 
T, may be determined by several methods which are 
discussed below. 

A method of determining cell constants that closely 
reproduces the conditions of actual meas~ement 
requires immersion in solutions with known conduc- 
tivities and temperature coefficients. It is best to 
disconnect the temperature sensor and substitute a 
standard resistor equivalent to a temperature of 
2.5”. The cell constant, T, is determined by immersing 
the cells in standard solutions with known 
conductivity values and computing the ratio of the 
theoretical conductivity, a (S/cm), to the observed 
conductance, C (S): 

T (cm-‘) = a/C (1) 

The conductivities of solutions of potassium chlo- 
ride over moderate con~ntration and tem~rature 
rangesi are given in Table 1. There is a scarcity of 
reliable data for the high conductivity ranges. How- 
ever, for higher conductivities and temperatures, 
excellent data are available for sulfuric acid.” For 
process applications, it may be possible to first deter- 
mine the conductivity of the process solution with 
contacting conductivity instrumentation. 

A method for calibrating a ceil of known geometry 
(and its associated transmitter) without the use of 
solutions involves looping a wire through the toroids 
as shown in Fig. 4. The ends of the wire are connected 

RESISTOR 
DECADE BOX 

Fig. 4. Single-loop calibration circuit foe measurement of 
cell constant (Foxboro MI 61 l-l 17, p. 24, Fig. 28). 

to a standard (k 0.1%) resistance box or resistor, set 
to R ohms, corresponding to the full-scale instrument 
reading, M, in conductance units (S/cm). For the 
designated probe and its associated transmitter, this 
relationship is given by: 

T (cm-‘) = [M (S/cm)][R $I)] (2) 

For caEbration, the meter is adjusted until the 
value of T in equation (2) agrees with the known 
value, This method allows removal of differences 
caused by changes in the coil windings, magnetic 
material or transmitter sensitivity. Nominal wire- 
loop cell constants, T (cm-‘), for two sizes of elec- 
trodeless conductivity cells are shown in Table 2. For 

Table I. Standard reference solutions for calibration of cell constants (reprinted from 
reference 16 by permission of the copyright holders, American Society for Testing and 

Materials) 

Approximate Temperature, 0, 
molarity Concentration “C IrSlcm 

I.0 

0.1 

0.01 

0.001 

72.2460 g/l. KCl, at 20°C 

7.4365 g/l. KCI, at 20°C 

0.7440 g/l. KCl, at 20°C 

100 ml of O.OlM KC1 diluted 
to 1000 ml, at 20°C 

0 65176 
18 97838 
25 111342 
0 7138 

18 11167 
25 12856 
0 773.6 

I8 1220.5 
2.5 1408.8 

25 146.93 

Table 2. Electrodeless conductivity cell constants, r, cm-‘, calibration 
data 

Cell tvne 
Solution Wire loop 

m~surement* m~surementt Equationji 

Small probe 
(3.8 cm diameter) 
a = 0.792 cm 
c = 4.20 cm 
Large probe 
(8.9 cm diameter) 
a = 2.47 cm 
c = 5.32 cm 

2.49 2.45 2.76 

0.44 0.45 0.48 

*Standard KC1 solutions, see text. 
tstandard resistance box, see text. 
IEquation (6), see text. Because the experiments are done in a large bath, 

d+co, so b is inconsequential in equation (6). 
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Table 3. Electrodeless conductivity cell constants as a function of container size 

Wire 
Cell type 250ml 600 ml 1000 ml 4000 ml 8000 ml loop 

Small probe 2.69 2.61 2.50 2.49 2.48 2.45 
(3.8 cm diam.) 
Large probe + * * 0.456 0.444 0.45 
(8.9 cm diam.) 

*Probe diameter is larger than container diameter. 

equation (2) to be accurate the probe must be ther- 
mostatically kept at 25”C, because it contains a 
tem~rature-corr~tion sensor. To eliminate the need 
for correction to a standard temperature, the 
temperature-sensor portion of the circuit may be 
disconnected and replaced with a standard resistor 
equivalent to a temperature of 25°C. 

This method may have a large experimental error 
if a small resistance is required and the wire con- 
necting leads contribute a significant portion of the 
total resistance. For example, referring to Table 2, if 
the instrument to be calibrated uses the Foxboro type 
EV probe and if full scale is 500 mS/cm, then a 4.90 
ohm resistor would be needed if the theoretical cell 
factor is 2.45 ctn’. Even if the resistance of the wire 
leads were as low as 0.1 ohm, it could then contribute 
significantly to the circuit resistance. However, if a 
coil of n turns is looped around the sensor coil, the 
resistance required increases by n2, and the equation 
for the wire-loop cell constant calibration becomes 

T = MR/Fl2 (3) 

Then for the same 500 mS/cm instrument reading, 
but with 5 turns in the coil, the resistance box would 
be set to 122.5 ohm instead of 4.90 ohm, and 0.1 ohm 
resistance in the wire leads would be negligible. The 
wire-loop calibration method is valid for a given 
sensor and transmitter. 

The current which flows from the radiating toroid 
to the receiving toroid, as illustrated in Fig. 1, is 
influenced by the geometry of the toroids relative to 
the sample solution. In the extreme case, if the ends 
were sealed and the solution were trapped in the 
interior of the doughnut-like cell, then no current 
would reach the receiving toroid, and no conductance 
would be measured. If the current is partially obstruc- 
ted by the wall of a container, a lower conductance 
than expected would be measured, and the cell con- 
stant would become larger, as seen from equation (4). 
As a general rule, if the wall of the container is distant 
by at least the diameter of the sensing probe, then this 
geometry effect, which is also known as the wall 
effect, is not significant. Table 3 shows the magnitude 
of this effect for small and large probes, of diameter 
3.8 and 8.9 cm respectively. The wire-loop cell con- 
stant, which is independent of the use of solutions, is 
taken as the reference ceil constant, and Table 3 
indicates that geometry effects may cause as much as 
10% difference in the cell constant. However, if the 
geometry remains fixed, as might be the case if the 
sensing probe were permanently placed in a pipeline 

only slightly larger in diameter than the probe, the 
modified cell constant would be accurate for that 
installation. 

Calculation of cell constants is complicated by the 
geometry involved. A simplified two-dimensional 
(axisymmetric) geometry is shown in Fig. 5. Analysis 
of this geometry essentially ignores the effect of the 
“stem” connecting the toroid to the outside. Even 
with this idealization, simple analytical solutions are, 
to our knowledge, possible in only a few cases. 

The symmetry of the problem demands that at 
z = 0 all the electric field is directed in the z direction. 
The problem of finding the cell constant is then 
equivalent to finding the current that flows through 
a solution of unit conductivity (a = 1 S/cm) from the 
positive terminal to the negative terminal of the imagi- 
nary battery shown in Fig. 6. Two limiting cases have 
simple solutions. The first is that of a long cylinder 
(a/c & 1). As this limit is approached, the bulk of the 
resistance is within the cylinder, the field lines are in 
essence all in the z dire&ion and are uniform, and the 
cell constant is given by: 

liyc(r) = c/na2 (4) 

The other limit which has a simple analytical 
solution is that of a “pancake” cell (a/c & 1, 
b/a @ 1). The method of solution is described by 
Carslaw and Jaeger.” The cell constant in this case is 

lim (T) = 1/2a 
air-K. (5) 
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Fig. 5. Coordinate system for cell analysis. 
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(VIRTUAL BATTERY ANODE) 

\ / POTENTlAL = _‘/r 

(VIRTUAL BATKRY CATHODE) 

J 

Fig. 6. Potential method for cell analysis. A very thin disc is pictured, centered in the toroid, with the 
upper surface of the disc at a potential of + l/2 and the lower surface of the disc at a potential of - I/2. 
The total current flowing from the anode to the cathode (through a solution with conductivity 1 S/cm) 

in this imaginary battery is numerically equal to the cell constant. 

For cases other than these two a rough approxi- 
mation to the cell constant can be obtained by noting 
that the two resistances in the limiting cases are in 
effect in series. This is not an exact solution by any 
means, because in fact the end effects are more 
complicated. In addition the effect of proximity of 
walls to the cell adds another resistance in series with 
these two resistances. Adding all three effects gives 
the expression: 

pc+L+ c 
xa2 2a 7r(d2 - b2) 

Actual electrodeless conductivity cells do not con- 
form physically to an ideal geometrical configuration. 
Nevertheless, the equation above furnishes some in- 
sight into the effect of the cell dimensions and the 
surrounding walls. Table 2 shows that for two probes 
approximately 3.8 and 8.9 cm in diameter, with 
corresponding “a” and “c” dimensions, the con- 

stants given by the equation agree with the experi- 
mental values within 612%. 

More accurate solutions which take into account 
the actual geometry as well as providing a much more 
accurate solution to the field problem can be found 
by numerical techniques. In particular the finite ele- 
ment method” is well suited to this problem. 

Table 2 presents a comparison of the three meth- 
ods for obtaining electrodeless conductivity cell con- 
stants. Differences of several per cent are generally 
obtained between the values from these methods and 
it should be noted that any given result is valid only 
for a particular instrument and sensor combination. 
The wire-loop cell constant method is the most 
fundamental and reproducible of these methods and 
is adopted as the reference method. It is dependent 
primarily on the construction and interaction of the 
radiating and sensing toroids. The quantity of solu- 
tion interacting with the toroids, as well as the wall 
proximity of the container in which they are im- 
mersed, is reflected in the solution cell constant, 
which then becomes a more realistic cell constant but 

is more difficult to reproduce. The calculated cell 
constant, being based on idealized geometry, serves 
as a useful guide to geometric variations. 

The temperature coefficient of solution conduc- 
tivity is relatively large. For the hydrogen ion, the 
change in conductivity is approximately 1.5% per 
degree; for the hydroxide ion it is lJ%/degree and 
for other ions from 2.0 to 2.6%/degree and is depen- 
dent on the nature and concentration of the solution. 

For pure water, the temperature coefficient may be as 
large as 7%/degree, and is derived and discussed by 
Light and Sawyer.*’ The temperature coefficient is 
nonlinear and in order to make conductances ob- 
served at any particular temperature useful in terms 
of concentration, the data may be reduced instrumen- 

tally to a reference temperature, which is frequently 
25”. 

Though the electrodeless technique is somewhat 

more cumbersome than the conventional technique it 
is the method of choice in continuous process control 
because of its relative insensitivity to fouling, partic- 
ularly in high-conductivity solutions which are corro- 
sive or fouling. Conventional techniques often fail in 
these situations. It yields equivalent information with 
greater long-term reliability and less maintenance. 
The earliest application of the electrodeless conduc- 
tivity method was the measurement of ocean salinity.9 
More recent uses have included the determination of 
the equivalent conductance of salts, the monitoring of 
acid concentrations in radioactive waste, and the 
measurement of chemical processes in the mining, 
metallurgy, pulp and paper, aluminum processing 
and other chemical industries. These applications 
have been reviewed.13 

Attempts to extend practical measurement to solu- 
tions of low conductivity, less than 10 p S/cm, and to 
further reduce the cell size are current areas of 
research. The problems involve decreased sensitivity, 
noise, susceptibility to interfering effects such as stray 
coupling between toroids, and effects due to the 
dielectric constant of the solution. 
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Summary-Whenever proteins are found in environments different from those provided by physiological 
conditions, structural alterations can occur which can dramatically affect their adsorption and chro- 
matographic behavior. The resultant behavior is often kinetically controlled and thus dependent on such 
factors as contact time of the protein with the adsorbent surface. Examples are given of the appearance 
of multiple peaks from seemingly pure species, as a result of these structural changes. In one case (papain 
in reversed-phase LC), multiple peaks are shown to arise from different conformational states. In a second 
case ~-lacto~obulin A in hydrophobic interaction chromato~phy), a series of three peaks is a result 
of elf-ass~iation or aggregation. Finally, recent work on an examination of structural changes of 
proteins on chromatographic supports, by means of intrinsic fluorescence and HPLC, is presented. The 
value of these studies for the elucidation of the retention mechanism in HPLC and the assessment of purity 
of proteins is demonstrated. 

Recent advances in biotechnology have created in- 
creasing demands on separation scientists for the 
analysis and purification of genetically engineered 
products. ‘.2 In conventional synthesis of pharma- 
ceutical materials, relatively simple molecules often 
occur in a medium of limited complexity. Though 
chiral separations can at times be challenging, well 
established tools are generally available for analysis 
and purification. However, this is not yet true for 
recombinant materials. 

For peptides/proteins produced by gene tech- 
nology, many separation/analysis challenges exist 
with respect to the molecules themselves. Some of the 
aspects of protein structure that need to be identified 
include subtle differences in amino-acid substitution, 
dimerization, de-amidation, proteolytic clips, oxi- 
dation, glycosylation and folding.3 Some of the trace 
impurities found along with these altered structures 
may be immunogenic, and, therefore, the proper 
chara~e~zation of ~ombinant materials is a 
significant issue in the biotechnology field. A new 
discipline, analytical biotechnology, has developed in 
recognition of these challenges4 

High-performance liquid chromatography (HPLC) 
is an important method for analysis and purification 
in biot~hnology. The resolution of species that differ 
in a subtle manner requires an understanding of the 
retention process and the factors that control elution. 
In addition, it is possible for elution of a seemingly 
pure protein to yield several chromatographic peaks 
or a highly broadened and asymmetric peak.5 It is 
essential to understand why this behavior occurs, to 
recognize it, and to devise conditions for its elimin- 
ation, if successful substance characterization is to 
result. 

*Author for correspondence. 

For simple organic molecules, chromatogmphic 
retention models have generally assumed that the 
species does not undergo structural changes (e.g., 
isomerization) during the adsorption and desorption 
processes. The study of the HPLC of such molecules 
has generally confirmed this assumption, with no- 
table exceptions.6 However, proteins are living poiy- 
mers, and it is well-known that structural changes 
(e.g., conformational changes) can occur whenever 
the environment of the species differs from that 
provided by physiological conditions.‘** Confor- . 
mational changes in this context mean alteration in 
the three-dimensional structure of the protein. It is 
these changes (as well as chemical reactions), kinetic- 
ally controlled, which can produce chromatographic 
“artifacts”. 

Adsorption-induced conformational changes in 
proteins have been documented in the literaturee9 
Moreover, conformational changes have been widely 
used as a means to achieve elution in chro- 
matography. For example, for elution of glycogen 
phosphorylase B from a hydrophobic matrix, a 
deforming buffer, imidazole citrate, was used.” The 
buffer was assumed to alter the protein structure 
slightly to weaken its hydrophobic interaction with 
the adsorbent surface, and thus cause elution. In 
another example, a-lactalbumin was adsorbed on a 
hydrophobic matrix with an EDTA solution.” Upon 
addition of calcium ions to the mobile phase, elution 
of the protein occurred. In this case, a-lactalbumin, 
a calcium-binding protein, underwent a confor- 
mational change to a less hydrophobic form with 
addition of the metal, resulting in solute desorption. 

We can expect that these structural changes will be 
important in hydrophobic interaction chromato- 
graphy, where a partial dehydration takes place with 
close contact of the hydrophobic patches of the 
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biopolymer with the absorbent surface.‘* It has also 
been suggested that in reversed-phase chromato- 
graphy of proteins, elution is a consequence of a 
structural alteration on the surface, caused by the 
mobile phase gradient. I3 Such changes also occur on 
elution in affinity chromatography14 and have been 
observed in ion-exchange chromatography.‘s 

It should be emphasized that these conformational 
alterations need not cause loss in biological activity. 
Indeed, it is well known that enzymes often maintain 
their biological activity when adsorbed on hydro- 
phobic surfaces. I6 However, whether subtle or exten- 
sive, these changes can yield a different interaction of 
the species with the stationary phase, thus affecting 
adsorption and chromatographic behavior. It is 
therefore necessary to study the structure of the 
protein in contact with the surface in order to 
understand the retention process. 

Our 1aboratory5~“@ and various others,“*’ have 
been active in examining conformational changes in 
reversed-phase and hydrophobic interaction chro- 
matography. In this paper we shall survey several of 
the significant aspects of this work and discuss future 
directions. 

PAPAINSURFACE CONFORMATIONAL CHANGES 

The study of protein adsorption in static systems 
has revealed the possibility of a variety of energetic 
states of different binding strengths for proteins in 
contact with adsorbents.** Experimental evidence of 
this behavior has recently been reviewed;23 however, 
the authors hoped that further studies would 
demonstrate definite evidence for multiple states on 
adsorbent surfaces. 

HPLC has already provided direct evidence for the 
existence of multiple states of proteins on adsorbent 
surfaces. Figure 1 shows a series of chromatograms 
of papain, a proteolytic enzyme, in reversed-phase 
LC at SO.” In Fig. la, a standard elution gradient 
was used, with injection occurring simultaneously 
with the start of the gradient. (There is, of course, a 
delay before the gradient reaches the head of the 
column, which in this example was 4 min.) Two peaks 
of roughly equal area were observed. Separate studies 
(SDS-gel electrophoresis and re-injection) revealed 
that the two peaks arise from the same species, the 
first peak being enzymatically active and the second 
inactive. Since active purified papain was injected, it 
can be concluded that the two peaks result from the 
irreversible denaturation of some of the papain in 
acid media on the reversed-phase packing. Inter- 
estingly, papain is known to unfold irreversibly in 
solution at low pH. 24 Separate solution studies re- 
vealed that at 5” in mobile phase A (pH 2.2) papain 
was denatured very slowly. Hence, the adsorbent can 
be viewed as a catalyst for conformational unfolding 
of papain. 

The other chromatograms in Fig. 1 demonstrate 
further details of the surface denaturation process. In 
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Fig. I. Chromatographic behavior of papain as a function 
of incubation time on the adsorbent surface: column, C4 
bonded phase on IO-Rrn Lichrospher SI 500; mobile phase 
A, IOmM H,PO,, pH 2.2; mobile phase B, H,O/l-propanol, 
55/45 v/v, 1OmM H,PO,: temwrature: 5°C. I: in&ion 
time; S: start of the gridient. Reproduced from S. A. Cohen, 
K. P. Benedek, S. Dong, Y. Tapuki and B. L. Karger, And. 
Chem., 1984, 56, 217, by permission. Copyright 1984, 

American Chemical Society. 

Figs. lb-le, the protein was injected into the column 
and incubated on the surface (i.e., an isocratic non- 
eluting eluent was used) for specific periods of time. 
Subsequently, the protein was eluted from the col- 
umn by means of the gradient. It can be seen that the 
longer the incubation time, the greater the area of the 
denatured second peak, at the expense of the first 
peak. The first-order rate constant for unfolding on 
the surface was measured to be 8 x 10d4 set-‘, with 
a half-life of roughly 15 min. These results provide 
direct and quantitative evidence of a protein existing 
in two different conformational states on the ad- 
sorbent surface. Moreover, Fig. 1 illustrates one 
mechanism by which a pure species can appear to be 
impure in HPLC. 

It is straightforward to compare rates of unfolding 
under various conditions. For example, variation in 
column temperature yielded an activation energy of 
w 20 kcal/mole. Increasing the mobile phase pH from 
2.2 to 3.1 slowed the rate of unfolding. Finally, 
addition of small amounts of the organic modifier, 
1 -propanol, in the incubation solvent, did not 
significantly alter the rate of unfolding.” However, 
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Fig. 2. Chromatographic behavior of papain as a function of the I-propanol concentration in mobile phase 
A with constant surface contact time. a = 0% propanol; b = 1.8% I-propanol; c = 3.6% I-propanol; 
d = 5.4% I-propanol. Other conditions: see Fig. 1. Reproduced from K. P. Benedek, S. Dong and 
B. L. Karger, 1. Chromutog., 1986, 317, 227, by permission. Copyright 1986, Eisevier Science Publishers. 

for a fixed period of contact of papain with the 
adsorbent surface, increases in the I-propanol con- 
tent increased the amount of native protein relative 
to the denatured species, see Fig. 2. 

There are several significant points concerning the 
results in Fig. 2. First, the behavior suggests biphasic 
kinetics in which there is a rapid denaturation step 
followed by a slower unfolding step. It is interesting 
to note that other workers in examining phos- 
phorylase B on a hydrophobic adsorbent also ob- 
served biphasic kinetics for a static system.25 The 
addition of I-propanol to the mobile phase caused 
the stationary phase to become less hydrophobic, as 
a result of adsorption of the alcohol on the bonded 
n-alkyl chains, creating a less hydrophobic surface.” 
It was presumed that the adsorbed I-propanol slowed 
the rapid unfolding step. Relative to the hydro- 
phobically “dense” n-alkyl reversed-phase surface, 
more hydrophilic phases would appear less dena- 
turing, i.e., surfaces typically used in hydrophobic 
interaction chromatography.26 

The results in Figs. 1 and 2 also suggest some very 
practical points for the HPLC separation and 
purification of biopolymers. The initial adsorption 
step, when the protein first contacts the surface, 
would appear to be critical. Thus, control of injection 
conditions, e.g., sample concentration and solvent, is 
essential. Moreover, it may be possible to minimize 
protein unfolding by limiting the amount of time the 

species remains on the chromatographic surface. In 
this regard, HPLC which has the characteristic of 
high-speed separation, would appear to be advan- 
tageous since contact of the protein with the surface 
is short. Consideration also needs to be given to 
control of column conditions, e.g., tem~~ture 
or mobile-phase composition, in order to stabilize 
the native state. Understanding the processes of 
surface change is clearly essential for successful 
chromatographic operation. 

The work with papain has shown that the condi- 
tions under which the protein first contacts the 
chromatographic system play an important role in 
determining chromatographic behavior in protein 
HPLC. A further example of this can be seen in the 
self-association of ~-lacto~obulin A under high anti- 
chaotropic salt conditions. This protein normally 
occurs as a dimer under physiological conditions; 
however, in acid media of pH 4.5, it is known 
that the dimeric form can yield higher order 
aggregates, partly as a consequence of protonation 
of carboxyhc groups, followed by hydrogen-bond 
self-association.27 

Figure 3 shows the effect of injecting purified 
/I-lactoglobulin A, (dissolved at pH 6, where only 
dimer forms) into a mobile phase of 3M ammonium 
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Fig. 3. HIC chromatographic behavior of B-lactoglobulin A 
as a function of injection protein concentration. Column: 
CAA-Beckman, HIC; mobile phase A: 3M (NH&SO,, 
buffer 20mM ALPHIL, pH 4.5; mobile phase B: buffer 
20mM ALPHIL, pH 4.5; 20-min gradient: flow-rate, 1 
ml/min; temperature: 4°C. ALPHIL: 2OmM 4-(2-hydroxy- 
ethyl)-1-piperaxine ethanesulfonic acid, 20mM 2-(N-mor- 
pholino)ethanesulfonic acid, and 20mM acetic acid. (a) 0.5 
mg/ml protein. (b) 1.0 mg/ml protein. (c) 20 mg/ml protein. 

sulfate in 0.02M ALPHIL-buffer at pH 4.5. It can be 
Seen that at low analyte concentrations a single peak 
occurs, which at higher concentrations is followed by 
a second, later-eluting, peak and at the highest con- 
centrations injected is preceded by a third peak. 
Variation in the amount injected and use of a mass- 
balance equation revealed that the middle peak was 
for a tetramer, the last peak for an octamer, and the 
first peak for a dodecamer.*’ 

The chromatogram in Fig. 3 represents an example 
of discrete aggregation, in which specific aggregates 
or self-associates occur under given solute concen- 
tration conditions. Once formed, the aggregated 
species do not dissociate, at least during passage 
through the chromatographic column. The model 
that emerges from this work is that when the dimeric 
form (at pH 6) comes into contact with the mobile 
phase of pH 4.5, a diffusion-controlled reaction 
occurs, leading to aggregation. With such rapid pro- 
cesses (msec time scale), sufficient time is available for 
aggregate formation to take place before the protein 
can contact the adsorbent surface. It is presumed that 
the higher order aggregates (octamer and dodecamer) 
form as a consequence of hydrophobic binding. It can 
thus be hypothesized that when the species contact 
the surface, the aggregate distribution is frozen, since 
higher order aggregates are prevented from forming 
owing to the hydrophobic binding of the species to 

the stationary phase. A variety of studies, e.g., incu- 
bation of the aggregate mixture on the bonded phase, 
flow-rate variation, etc. show this picture to be 
reasonable during the injection process. If the protein 
were to be left in a solution of 3M ammonium sulfate 
for long periods of time, a precipitate would form. As 
a result, the chromatograms in Fig. 3 may represent 
the initial stages of precipitation, i.e., the nucleation 
steps. The bonded phase prevents further aggregation 
leading to precipitation. 

With some proteins, indefinite aggregation can 
take place, and a broad chromatographic band 
profile can be observed. We have seen such a case 
with zinc-insulin aggregation.29 The protein system 
can clearly determine the chromatographic behavior 
as a function of the concentration of the injected 
sample. 

The results in Fig. 3 further demonstrate the 
importance of the conditions under which injection 
takes place. The formation of aggregates can be of 
significance in preparative scale chromatography and 
can determine the limit of sample capacity of a 
chromatographic system. Moreover, the formation of 
mixed aggregates would clearly lead to loss of separ- 
ation. A more detailed study of aggregation in 
chromatographic systems is warranted. 

INTRINSIC FLUORESCENCE OF 
ADSORBED PROTEIN SPECIES 

Returning to surface conformational changes, it is 
necessary to study directly proteins adsorbed on 
chromatographic surfaces in order to elucidate in 
more depth the unfolding processes that take place. 
Fluorescence spectroscopy has been employed in the 
static mode on flat surfaces2* as well as on a chro- 
matographic support, lo for the examination of ad- 
sorbed species. We have begun work on the combina- 
tion of the surface fluorescence and chromatography 
of proteins. Our initial results in this area, dealing 
with lysozyme adsorbed on a reversed-phase support, 
have recently appeared. 31 The experiment involves 
packing a chromatographic support into a 35~1 
fluorescence cell, which is then connected to a chro- 
matographic pump and a detector. In this manner, 
the cell can serve the dual purpose of a fluorescence 
cell and a microchromatographic column. 

In reversed-phase chromatography, we have ob- 
served that lysozyme exhibits two peaks at low 
temperature (5’) in mobile phases of buffered 04% 
methanol/water. The amount of each peak depends 
on the contact time with the adsorbent surface, as in 
the case of papain. 

When their intrinsic fluorescence is used to follow 
the environmental changes of the tryptophan groups 
(Trps) of lysozyme, a rapid red shift of the emission 
maximum from the value of 347 nm in solution to 
roughly 354 nm is found to occur on contact of the 
lysozyme with the surface. Trps are clearly being 
more fully exposed to mobile-phase solvent on con- 
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tact with the reversed-phase chromatographic sur- 
face.32 The result is not surprising, since it is expected 
that a rapid unfolding step occurs. Over a period of 
2 min, the wavelength maximum shifts from 354 nm 
back to 349 nm, indicative of an average change of 
the Trps into a somewhat more hydrophobic form, 
see Fig. 4. This blue shift may be interpreted as a 
conformational/orientational change of the hydro- 
phobic Trps as they interact with the hydrophobic 
n-alkyl bonded-phase surface. By measuring the 
change in fluorescence intensity as a function of time 
at a given wavelength (in this case 347 nm), it has 
been possible to measure the first-order kinetic rate 
constant over the 2-min period.” This rate constant 
was found to be 2.7 x lo-* set-r, which can be 
compared with 1.8 x low2 set-’ as measured by 
chromatography. It is clear that the chromatography 
and fluorescence methods are measuring essentially 
the same process. 

These results indicate that it is indeed possible to 
examine the spectroscopic changes of proteins ad- 
sorbed on chromatographic surfaces and to associate 
these changes with the resultant chromatographic 
behavior. The fluorescence is a measure of structural 
changes, while the chromatography is a measure of 
changes of state (i.e., changes in chemical potential). 
The coupling of these two complementary meth- 
odologies thus provides enhanced means of studying 
protein adsorption. 

The picture of lysozyme adsorption on a reversed- 
phase surface with a mobile phase of 1% methanol 
at low pH emerges as follows. There is a rapid step 
of conformational change upon contact with the 
chromatographic surface. This is followed by a rapid, 
albeit slower, change as the protein accommodates 
itself to the adsorbent surface. This latter change 

EMISSION WAVELENGTH (nm) 

Fig. 4. Emission spectra of adsorbed lysoxyme collected on 
initial contact (i) and after 90 sec. incubation (ii). Conditions: 
excitation wavelength, 295 nm; band-width, 4 nm; scan-rate, 
2.5 nm/sec; flow-rate, 0.3 ml/min; 1% methanol in 10 mM 
phosphoric acid, pH 2.3; temperature 4°C; 5 pg of lysozyme 
injected. Reproduced by permission from X-M. Lu, A. 
Figueroa and B. L. Karger, J. Am. Chem. SOL, 1988, 110, 

1978, Copyright 1988, American Chemical Society. 

yields the two-peak phenomenon. It is interesting to 
note that this behavior is similar to that already 
suggested for papain. In addition, this model has 
previously been put forward to describe the kinetics 
of protein adsorption, without experimental evi- 
dence.‘) Finally, it is useful to note that the protein 
does not remain fixed as the unfolded species on the 
chromatographic surface. Studies over a period of 
6-8 hr show changes in peak pattern with time.” This 
means that the protein is not fixed but is continually 
changing in some fashion on the chromatographic 
surface. From a thermodynamic point of view we are 
not measuring an equilibrium state but rather a 
metastable state of the adsorbed protein. The study 
of the spectroscopy of proteins attached to chro- 
matographic surfaces is important and will no doubt 
yield significant insight into protein adsorption in the 
years ahead. 

CONCLUSION 

From this survey, it is clear that HPLC of proteins 
is not a simple process of adsorption and desorption. 
It is important that we probe more deeply into the 
processes of adsorption to help understand the chro- 
matographic behavior at a deeper level. At the same 
time such studies will be of value in the general 
exploration of protein adsorption. 

In the future, we can expect to obtain a more 
refined picture of the retention mechanism of protein 
HPLC. This picture will permit a better design of 
stationary phases and manipulation of structural 
changes. As noted in the introduction, this area is 
especially fruitful for selective elution of species, 
leading to improved separations. Moreover, contact 
of protein with any surface (including another pro- 
tein molecule) often involves a conformational 
change to yield the appropriate interaction. An 
improved understanding of this behavior ought to 
be of fundamental significance, e.g., in association 
behavior, protein-cell surface interactions and even 

cell-cell interactions and communication. 
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Summary-Glucose oxidase (EC 1.1.3.4) is reversibly immobilized in a reactor coupled to a flow-injection 
analysis system using an immunological reaction. The antibody used is irreversibly immobilized on the 
reactor support by an avidin-biotin linkage. The bond between avidin and biotin is nearly irreversible 
under normal elution conditions for antibody-antigen reactions. The reactor is packed with a support on 
which avidin is covalently attached and a biotin-bound second antibody is passed over the reactor packing, 
which immobilizes this antibody. An immune complex of the enzyme, or first anti-enzyme antibody 
followed separately by enzyme, is introduced into the flow system, resulting in enzyme immobilization. 
The reactor produced can be used in the determination of I x 10-“-l x 10e6 mole of glucose with a 
sample size of 20 ~1 and a sample throughput of 20-30/hr. These results are comparable to or better than 
those obtained with ghtcose oxidase directly immobilized on the same support. The enzyme can be 
removed by elution with low-pH buffers, and the reactor regenerated by injection of the anti-enzyme 
antibody and the enzyme. 

The analytical use of immobilized enzymes packed 
into reactors and coupled to flow systems has been 
well demonstrated.‘s2 However, the enzymes immo- 
bilized in these configurations suffer from several 
limitations, such as limited lifetime, susceptibility to 
inhibitors, and steric problems created by the immo- 
bilization, which limit the transfer of substrate to the 
enzyme layer and block access to the active site. We 
have demonstrated3 that by using immobilized anti- 
bodies which are specific to the enzyme or using 
indirect immunochemical reactions, it is possible to 
immobilize enzymes with high efficiency, while re- 
taining their maximum activity. The use of antibodies 
in the immobilization of enzymes allows the operator 
to replace the bound enzyme reproducibly in less than 
20 minutes in the event of a loss of enzyme activity, 
without having to remove or replace the packing 
material. The flow-injection mode of analysis has the 
advantage of rapid sample throughput and minimal 
sample handling. 

The supports described previously by us involve 
covalent attachment of the antibody fragments 
through highly selective reactions which preferen- 
tially couple the antibody through the hinge-region 
thiol group.3 This involves the use of supports acti- 
vated with 2,2,2-trifluoroethanesulfonyl chloride4 or 
maleimide-activated supports’ with Fab’ fragments. 
These Fab’ fragments are unstable and can undergo 
polymerization and oxidation reactions in addition to 
coupling to the surface. This can result in highly 

*To whom correspondence should be directed. 

immunologically active solid supports with low anti- 
body loading. The low binding capacity in this case 
stems from the low yields of attached antibody. 

The low yield of attached antibody can be over- 
come easily by the use of another coupling technique. 
It is well known that avidin binds to biotin with a 
binding constant of lOis and that this binding is 
therefore irreversible under conditions where the 
antibody-antigen interactions can be reversed.6+7 This 
situation provides a method for immobilizing the 
primary antibody with high efficiency without re- 
sorting to complicated coupling chemistry. In this 
publication we shall describe the use of avidin-biotin 
interactions for the reversible or irreversible immo- 
bilization of enzymes. By use of both monoclonal and 
polyclonal anti-glucose oxidase antibodies, glucose 
oxidase can be immobilized and used for the 
determination of glucose. These methods of immo- 
bilization of proteins in reactors use two biospecific 
reactions, one of which is irreversible and the other 
reversible. The biospecific reactants are therefore 
amenable to selective elution and regeneration. 

Materials 

EXPERIMENTAL 

Avidin was purchased from Calbiochem Behring (San 
Diego, CA) and used without further puriti~ation. 
S~fosu~~~dyi-6-(biotin~ido~ hexanoate (NHS-LC- 
biotin) and Re&tigci HW-65 wore obtained from Pierce 
Chemical Co. (Rockford, IL). Anti-glucose oxidase anti- 
bodies raised in goats were obtained from Jackson Immu- 
noresearch Laboratories Inc. (West Grove, PA) as the IgG 
fraction and used without further purification. Mouse 
monoclonal anti-glucose oxidase (IgG,) (IIF,,H,,) was a 
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generous donation from Mr. Rohan Wimalasena 
(Department of Chemistry, University of Kansas). Poly- 
clonal goat anti-mouse serum and polyclonal rabbit anti- 
goat antibodies were a generous donation from American 
Uualex International Inc. (La Mirada, CA). Glucose ox- 
idase (EC. I. 1.3.4) type Gd-3A (specific activity 266 IU/mg 
protein) was obtained from Biozyme (San Diego, CA). All 
reagents used were of analytical grade and all water used 
in preparation of the buffers used for flow-injection analysis 
(FIA) was obtained from a Barnstead Nanopure II system 
and refiltered through 0.45 grn filters after the buffers were 
prepared. 

Preparation of reactigel loaded with auidin 
The avidin (5 mg/ml) was dissolved directly in O.lM 

carbonate buffer fPH 9.5) and mixed in 2:l v/v ratio with 
the activated HW-65 gel. Just before the mixing, the gel was 
washed according to the manufacturer’s instructions. The 
avidin and gel were mixed by mechanical inversion for 30 
hr at 4”. The coupled gel was collected and washed on a 
glass frit according to the manufacturer’s instructions and 
stored in O.IM phosphate-buffe~d saline (PBS) pH 7.5. The 
gel loading with avidin was determined as 5-6 mg/ml by 
protein balance from an absorbance measurement at 280 
nm. The washed gel was stored in O.lM PBS (pH 7.4) 
containing 0.01% sodium azide, at 4”. 

Preparation of Septarose loaded with mouse and rabbit IgG 
These immunosor~nts were prepared similarly to avidin- 

loaded reactigel under the same conditions but with 
Reactigel 6X. 

Preparation of biotin-bound antibody 
Antibody solutions (3 mg/ml) were made in 0.1M car- 

bonate buffer and NHS-LC biotin (2 mg/ml in dimethyl 
sulfoxide) was added dropwise (170 ~1 per ~11 of antibody 
solution) with rapid agitation of the solution. The mixture 
was stirred for 2 hr and passed through a Sephadex G-25 
(1.5 x 30 cm) column previously equilibrated with O.lM 
PBS (PH 7.4). The product was eluted with the buffer at 
a Sow-rate of 0.5 ml/min and then dialyzed extensively 
against the same buffer with 3 changes over 2 days. 

Preparation of biotin-bound enzyme 
The enzyme was bound by the same method as that used 

for the antibody and was stored similarly. 

Affinity puri~cat~o~ of goat nnti-mouse and rabbit anti-goat 
antisera 

The antisera were 33% saturated with ammonium sulfate 
by the slow addition of the solid sulfate (192 g/l.) with 
stirring, and then stirring for a further hour. The material 
was centrifuged at 3ooO g for 15 min at 4” and the 
su~ma~nt liquid was discarded. The precipitate was 
washed with 4d% ammonium sulfate solution and centri- 
fuged again. The precipitate was dissolved in O.lM PBS 
@H 7.4) and dialyzed extensively against the same buffer 
with 3 exchanges. The gamma-fraction obtained was ap- 
Dlied to a mouse IaG-Sepharose (CL-6B) or rabbit 
IgG-Sepharose (CLdB) affinity column for p~ri~~tion of 
the anti-mouse or anti-rabbit IgG, respectively. The 
nonspecific IgG was washed off with 10 column volumes of 
O.IM PBS @H 7.4) and the bound IgG was eluted with 
0. I A4 phosphate buffer (PH 2.2). The eluate was neutralized 
immediately with OSM sodium hydroxide and dialyzed 
against O.lM PBS (pH 7.4) overnight. The precipitate 
formed in the unity-purifi~ product was removed by 
centrifugation for 5 min. A 10% sodium azide solution was 
added to the product to give a final concentration of 0.01% 
and the mixture was stored in a refrigerator at 4”. 

Preparation of the avidin reactor 
The avidin-activated support was packed into a 0.4 x 3 

cm stainless-steel reactor (Upchurch Scientific Inc., Oak 

Harbor, WA) by attaching a short length of Tygon tubing 
to one end of the reactor, which had the end-fitting 
assembled at the other end. A slurry of the support was 
intr~u~ into the Tygon tube with suction apphed to the 
opposite end. When all of the gel had settled, the Tygon 
tube was removed and the other end-fitting was screwed on. 
The reactor was coupled to the FIA system and washed for 
an hour with the assay buffer (O.lM PB, pH 6.8). 

Preparation of the enzyme reactor (reactor A) 
The avidin-coupled reactor packing (0.4 ml) was placed 

in a test-tube and the storage buffer was removed after the 
gel had settled. The biotin-bound enzyme was added (8 mg 
in 4 ml of PBS) and the tube was capped with parafilm, then 
gently agitated for 15 min at room temperature. A sample 
of the su~matant Liquid was withdrawn and the amount 
of enzyme attached to the reactor packing was determined 
by protein-uptake calculations based on absorbance mea- 
surements at 280 nm. The excess of reagent was removed 
after centrifugation at 500 g for 5 min, and the gel was 
washed twice with 2 ml of O.lM PBS (PH 7.5). After each 
wash, the gel was resuspended, agitated and centrifuged. 
The material was packed in the reactor or stored at 4” in 
PBS containing 0.01% sodium azide. 

Preparation of the goat anti-GOD reactor (reactor E) 
This reactor was initially prepared by mixing 1 ml of goat 

anti-GOD (15 mg/ml) with 0.4 ml of the activated packing 
material and gently agitating the mixture for 15 min. To 
this mixture 10 mg of GOD, dissolved in O.lM PBS (pH 
7.4) were added and the mixture was further agitated for 
15 min. The supernatant liquid was discarded and the 
support material was packed into a reactor. 

Preparation of the goat ~ti-mo~elmouse its-GUDIGOD 
reactor (reactor C) 

In the first step, 5 ml of biotin-labelled goat anti-mouse 
IgG (2 mg/ml) were mixed with 0.5 ml of the avidin support. 
The mixture was gently agitated for 15 mitt and the un- 
reacted reagent was washed away as already described. TO 
the anti-mouse immunosor~nt thus prepared, I ml of 
mouse anti-GOD solution (1 l mg/ml) was added and the 
mixture was agitated for another 15 min. To this 5 ml of 2 
mg/ml GOD solution in PBS were added and the mixture 
was agitated for 10 min. The excess of reagent was removed 
by washing with PBS buffer and the material was packed 
into the reactor. 

Preparation of rabbit anti-goat/goat anti-GOD/GOD reac- 
tor (reactor D) 

This reactor’was prepared as described for reactor C but 
with 5 ml of rabbit anti-aoat IaGlbiotin solution (2 m&ml) 
in the first step and 1 ml of goat anti-GOD solution (15 
mg/ml) in the second step, followed by addition of 5 ml of 
GOD solution (2 mg/ml). 

Enzyme regeneration 
Reactor regeneration was examined with reactors B, C 

and D. The bound enzyme was eluted by passage of 
O.lM phosphate buffer @H 2.0) for 4 min. After re- 
equilibration for 10 min with O.lM phosphate buffer @H 
7.4), the reactors were regenerated with the appropriate 
reagents. as follows. 

Reactor B was regenerated by injecting 100 ~1 of glucose 
oxidase solution (2 m~ml), followed by a 15-min wash with 
0.1 M phosphate buffer (pH 7.4). The reactor was then tested 
with standard glucose solutions. 

Reactor C was regenerated by injecting 100 ~1 of an 
immune complex prepared as follows. Glucose oxidase (IO 
mg) was added to 1 ml of anti-glucose oxidase ascites fluid 
(I 1 mg/ml IgG,) and agitated on a vortex mixer until all the 
solid had dissolved. 
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Fig. 1. Schematics of enzyme immobilization reaction sequences. 

Reactor D was regenerated by injecting 100 pl of goat 
anti-GOD solution (15 mg/ml) followed by 100 pi of GOD 
solution (2 mg/mi). 

In each case the reactor was washed with 0.1 A4 phosphate 
buffer (pH 7.4) for IS min and the response to standard 
glucose solutions was tested several times. 

A Shimadzu LC-6A liquid chromato~aph was used, in a 
system consisting of an SCC6A controller, LC-6A pump, 
FCV-3A low-pressure solvent-selection valve, SIL-6A auto 
injector, FCV-2AH high-pressure switching valve and C- 
R4A integrator (all from Shimadzu Corporation, Kyoto, 
Japan) and a BAS LC-4B amperometric detector (Bio- 

analytical Systems Inc., West Lafayette, IN} coupled to an 
LC-17AT flow-through thin-layer efectrochemical cell. This 
set-up has been fully described elsewhere.* 

RESULTS AND DISCUSSION 

A schematic diagram of the immobilization 
schemes is shown in Fig. 1. The simplest case consid- 
ered was the direct immobilization of giucose oxidase 
by covalent linking to LC-biotin on the avidin- 
activated reactor matrix. The reaction between avidin 
and biotin/GOD results in an immobilization of 
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Table 1. Reactor characteristics* 

Lower Linear dynamic 
detection range (orders of Efficiency, t 

Reactor limit, mole magnitude) % 

A 2.7 x IO-I0 3 31 
B 1.3 x IO-‘0 4 36 
C 1.3 x lo-‘o 4 38 
D 5 x IO-” 45 48 

*All data obtained at a flow-rate of 0.5 ml/min. 
tDefined as the ratio of response curve slopes (ampero- 

metric detection) for glucose and hydrogen peroxide, 
respectively. 

GOD that is irreversible except by washing with 6M 
guanidine hydrochloride at pH 1.5. Therefore, this 
linkage is irreversible under the conditions used in 
these experiments. The enzyme immobilized in this 
manner was used as reference for comparison of the 
enzyme activity and the immobilization efficiency of 
other methods of immobilization. The results are 
summarized in Table 1. With reactor A, calibration 
graphs were prepared with 1 x 10-“-l x lo-‘mole of 
glucose. The lower detection limit for the reactor was 
2.7 x lo-” mole and the linear detection range was 4 
orders of magnitude. However, with higher amounts 
of glucose, a loss of reproducibility of the signal was 
observed upon rapid multiple injections. This can be 
attributed to depletion of oxygen in the system, as 
observed by us previously.s This problem is usually 
dealt with by addition of oxygen to the mobile phase 
or by stirring the mobile phase in the reservoir. This 
phenomenon will be referred to as the “fatigue” 
effect. The reactor was also tested for the stability of 
the immobilized enzyme. The decrease in enzyme 
activity was measured by injection of glucose stan- 
dards and evaluation of the amperometric detector 
response. The decrease of enzyme activity in this 
reactor was found to be 6-7% per week. 

Reactor B was prepared by immobilizing goat 
anti-GOD/biotin on the avidin matrix. The uptake of 
goat anti-GOD by the matrix was measured by 
protein difference, from the absorbance change at 280 
nm. It was found that the matrix was capable of 
binding 12 mg of goat anti-GOD/biotin per ml of 
avidin. After this step, GOD was added to the matrix 
(with its attached antibody), resulting in immo- 
bilization. This reactor had a capacity which is 
similar to that of reactor A (directly immobilized 
GOD), a detection limit of 1 x lo-“mole, and a linear 
detection range of 4 orders of magnitude. This reac- 
tor showed a decrease of 2-3% in activity after a 
week of constant use, but no fatigue effects compared 
to reactor A. 

Reactor C was prepared by immobilization of goat 
anti-mouse IgG/biotin on the avidin matrix. The 
uptake of this antibody on the matrix was 12 mg/ml, 
which matches the capacity of reactor B. The anti- 
mouse IgG matrix produced in this step was then 
exposed to mouse anti-GOD. The protein uptake in 

this step was 68 mg per ml of matrix. This indicates 
that not all of the antibody bound to the matrix in 
the first step is accessible or immunologically active. 
The anti-GOD matrix prepared in the previous step 
was exposed to free GOD in solution. The reactor 
was tested as already described for reactors A and B, 
and the linear detection range was found to be 4 
orders of magnitude with a lower detection limit of 
I.3 x lo-” mole. The reactor lifetime was much 
shorter than that of reactor A or B and the loss of 
activity in this reactor was 334% per day. There were 
no observable fatigue effects. The rapid loss of activ- 
ity compared to the other reactors can be attributed 
to the loss of antibody activity. It is possible that the 
monoclonal antibody, which is known to have a 
shorter half-life’ than the goat or rabbit antibody, is 
irreversibly denatured. This was further confirmed 
when a solution of GOD was injected into the 
reactor; only 40% of lost activity was restored. This 
indicates that in addition to the normal reversal of the 
antibody-antigen reaction, some antibody molecules 
are also irreversibly denatured. The anti-GOD-GOD 
complex was dissociated from the anti-mouse IgG by 
lowering the pH of the mobile phase to pH 2.4. After 
reconditioning of the matrix with the assay buffer 
(O.lM PB, pH 7.5) fresh samples of anti-GOD and 
GOD were sequentially injected. The activity of the 
immobilized material was tested as before and the 
elution and reloading cycle was repeated several 
times. In each case the enzyme activity was restored 
to within f 5% of that in the first cycle. 

Reactor D was prepared by first adsorbing rabbit 
anti-goat/biotin on the avidin matrix and sub- 
sequently adsorbing goat anti-GOD and GOD on the 
anti-goat and anti-GOD matrices formed. When this 
reactor was intially prepared, the anti-GOD antibody 
was added to the tube containing the anti-goat 
matrix, and after 15 min the GOD solution was 
added to the same tube without removal of the excess 
of anti-GOD. The intention of this experiment was to 
determine whether cross-linking of the GOD with 
excess of anti-GOD antibody would increase the 
loading and stability of the immobilized GOD. The 
matrix produced was washed and packed into the 
reactor and evaluated as before. This reactor had a 
lower detection limit, 5.0 x lo-” mole, and the linear 
dynamic range was 4 orders of magnitude. There 
were no detectable fatigue effects and a 2-3% de- 
crease in activity was observed over a 24-hr period 
during which the reactor was in constant use. When 
the material in the reactor was eluted and reloaded 
five times, no change in loading was noted. However, 
since the reactor is not equilibrated with the initial 
reactants in the reloading process and the cross- 
linking does not occur, the reactor loading under 
these conditions was similar to that of reactor C. The 
main difference observed is that the amount of en- 
zyme immobilized in the in situ loading is lower than 
in the first loading where a large reagent excess is 
employed. This condition can be simulated in the in 
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Fig. 2. Detector response as a function of flow-rate: A- 
hydrogen peroxide injection; B-glucose injection into 
enzyme reactor (peroxide detection), glucose and hydrogen 

peroxide concentrations were equal. 

situ loading by alternately injecting the antibody and 
the enzyme several times per loading cycle. 

For all the reactors, the efficiency of conversion of 
the substrate into product and the dependence of the 
reactor response on flow-rate were studied. The de- 
tector response was tested with Hz02 standards at the 
same flow-rates and with the reactor in the flow 
stream, to allow for any dispersion which occurs. The 
slope of the calibration graph (peak area US. concen- 
tration) was plotted as a function of the flow-rate. 
The flow-rate dependence of the detector response to 
glucose injected into reactor C, and to hydrogen 
peroxide, are shown in Fig. 2. The two curves are 
roughly parallel in the 0.4-0.6 ml/min range, but the 
slopes for glucose are lower than those for H,O, . This 
indicates that the factor limiting the conversion is the 
rate of mass transfer in the reactor. The conversion 
efficiency of glucose at a flow-rate of 0.5 ml/min is 
given in Table 1. It is seen from the data that reactor 
D has the highest conversion efficiency and reactor A 
the lowest. The reactor conversion efficiency is 

defined as the ratio of the response-curve slopes for 
glucose (injected into the enzyme reactor) and per- 
oxide. 

In all the reactors, the correlation coefficients 
for calibration curves were of the order of 0.999 and 
the detection limits were in the range 
1 x 10-“-l x lo-” mole. This is important in the 
analysis of micro-samples; for instance a triplicate 
analysis would need only 2 ~1 of serum, which would 
be extremely useful in the case of neonatal deter- 
minations. A collection of 30 serum samples was 
analyzed with the apparatus and the results obtained 
correlated well with readings from a Beckman Astra 
instrument. Reactor D was used in this study and 
no deterioration in the detector signal was observed 
after the assays. All reagents used in these reactors 
are commercially available. Others are easily pre- 
pared and are stable. The amount of a particular 
antibody added to a reactor is highly controllable. 
This allows the preparation of multienzyme reactors 
which contain precise amounts of a given enzyme. 
The reactors prone to loss of activity can be regen- 
erated periodically to maintain the level of enzyme 
activity. 
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BY THE PROTON-TRANSFER EQUILIBRIUM TECH~QUE 
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Summary-It is shown for the first time that a quadrupole ion-trap mass spectrometer permits 
determination of gas-phase basicities. Two methods for measuring relative values of these molecular 
parameters are demonstrated, the proton-transfer equilibrium technique and the kinetic method. The 
proton-transfer ~uilib~~ technique is the more accurate and precise, and is useful for a wider range 
of relative basicities. The kinetic method proves more valuable for determining basicities of solids, owing 
to their low volatilities. For example, the basicity of I-adamantanamine has been measured for the first 
time and found to be 903.9 f 0.8 kJ/mole. Basicity values found for substituted pyridines agreed with the 
literature values to within 1 kJ/mole. 

The quadrupole ion-trap has been employed by var- 
ious investigators as a means of storage and mass- 
analysis of ions’” since its development by Paul et al. 
in 1958.4 In contrast to other trapping devices, it 
employs only electrical fields in its operation. The 
small structure consists of two end-cap electrodes and 
a central ring electrode, all of hyperbolic cross- 
section. Radiofrequency (rf) and/or dc voltages are 
applied to the electrodes. 

A new method for trap operation, the mass- 
selective instability mode,’ utilizes only an rf voltage 
to achieve the mass analysis. The magnitude of the 
applied potential determines the mass-to-charge ra- 
tios of ions stored within the field, and as the rf 
voltage is raised, ions escape from the trap in order 
of increasing mass and are externally detected. For 
best performance, the motion of the ions stored 
within the trap is damped by a high background 
pressure of helium. The quadrupole ion-trap is com- 
mercially available in two forms, the ion-trap 
detector’ (introduced as a detector in gas chro- 
matography, but usable as a simple ion-molecule 
reactor) and the ion-trap mass spectrometer,6 a 
tandem mass spectrometer with many additional 
capabilities. Both instruments are compact, relatively 
inexpensive and readily modified. 

The mass-selective instability mode is a new 
method of operation which changes the way in which 
the trap functions. Thus, the ion-trap can be treated 
as a new device and its capabilities explored and 
charted. 

Proton-transfer reactions have been widely studied 
in solution and gas-phase chemistry.7-9 They are often 

*Author for correspondence. 

studied in order to measure gas-phase basicities and 
proton affinities of molecules so that correlations 
between molecular parameters and intrinsic basicity 
can be established and solvation energies calcu- 
lated.‘@‘* There are several methods for the deter- 
mination of both absolute and relative basicities. 
Absolute values can be calculated from appearance 
potential or ionization potential measurements,‘“‘5 
which give heats of formation of protonated mole- 
cules, or (for some olefins) from heats of formation 
derived from hydride-transfer equilibrium constants 
for the corresponding carbonium ions.‘6*‘7 Relative 
basicities may be derived by using the bracketing 
method’* in which the basicity of a compound is 
assigned by observation of the’ occurrence or non- 
occurrence of proton-transfer reactions with a series 
of bases of known basicities, or by measuring the rate 
constants of the forward and reverse proton-transfer 
reactions with a compound of known basicity.” 
Relative basic&s may also be determined by using 
the recently developed kinetic method.” In this 
method, the proton-bound dimer formed from two 
bases is collisionally activated to cause dissociation 
into the individual protonated bases. The relative 
abundances of the protonated bases formed from the 
com~titive dissociation reactions of the dimer cor- 
relate with their relative basicities. Most relative 
basicity determinations are based on measurement of 
the equilibrium constants of gas-phase proton- 
transfer reactions.2’*22 In this method, proton ex- 
change occurs between two bases, establishing an 
eq~lib~~. The ~uilib~um constant is found from 
the composition of the mixture and the abundances 
of the two protonated bases, measured by mass 
spectrometry. The equilibrium constant may then be 
used to calculate the standard free-energy change of 
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the reaction (relative gas-phase basicity), which 
differs from the enthalpy change (relative proton 
a&&y) by the entropy term. The entropy changes 
for proton-transfer reactions are calculated from 
changes in molecular rotational symmetry numbers, 
and are often negligible. ~quiiib~um constants 
have been obtained by use of high-pressure ion 
sources,2’,24 flowing afterglow methods,zs-27 ion 
cyclotron-resonance spe~trometers2~31 and an ion- 
trap/quadrupole hybrid mass spectrometer.32,13 

In this paper, we present results demonstrating the 
applicability of the proton-transfer equiiib~um tech- 
nique and the kinetic method using a quadrupole 
ion-trap. With the development of the mass-selective 
instability mode of operation,5 the trap has proven to 
be a versatile device for chemical ionization,34 
collision-activated dissociation6 and photo- 
dissociation,3s and as an ioIt_moiecule reactor.” 
Because of its ability to store ions for long periods 
(msec), the ion trap is also potentially useful for 
studies of proton-transfer equilibrium and for the 
determination of relative basicities, as will now be 
discussed. 

EXPERIMENTAL 

All equilibrium measurements were made with a Finnigan 
Ion Trap Detectorm described previously.” An ionization 
gauge was added to the vacuum manifold for pressure 
measurements, and a three-valve inlet system to alfow 
intr~~tion of volatile com~unds. The radiof~quency 
voltage applied to the ring electrode was about 150 V (peak 
to trough) at 1.i MHz. The electron ionization period was 
typic& 0.5 msec and the proton-exchange interval was 
varied from 1 msec to 1.5 see until ~uilibrinm was estab- 
lished. The mixture of two bases was introduced from a 
glass bulb which had been chilled in liquid nitrogen while 
being evacuated. Then the buib was warmed to room 
temperature and the gaseous mixture was admitted into the 
ion trap through a ~ranvil~~Ph~~lips valve. Nominal sam- 
ple pressures varied from 5 x IO-’ to 5 x fW6 torr. The 
temperature of the ion trap, measured by a thermocouple 
attached to the vacuum manifold, was 438 K. 

The kinetic method experiments were done with a proto- 
type Finnigan Ion Trap Mass Spectrometer (ITMS) de- 
scribed previously.6 Since this method does not require 
knowledge of the sampie partiaf pressure, the two bases 
wefe simply mixed in a glass sample tube and admitted 
through a metering valve. The total sample pressure was 
nominally 1.5 x 10M6 torr, and the helium pressure 3 x 10m4 
torr. The proton-bound dimer ions were isolated and 
activated for 2 msec at 1.0 V (peak to trough) at 73500 Hz. 
The daughter ions generated by collision-activated dis- 
sociation were mass-analyzed by use of the MS/MS scan 
mode.* Each measurement was repeated 3-5 times. 

REsULT§ AND DISCXJSSION 

Proton -brusher e~u~~ibri~rn rn~~~~d 

The equilibrium constant for the proton-transfer 
reaction 

B,H”+B;!===BlfB2H+ (1) 

loo 

t 

2 -Efhylpyridins 

Time (msecl 

Fig. 1. At~inm~t of equ~~ib~~ for a mixture of 
2-ethylpyridine and 3-methylpy~dine in an ion trap. The 
relative basicities of the two bases is calculated as 
8.6 kJ/mole from the concentration ratio of protonated 

2-ethylpyridine to protonated 3-methylpyridine. 

can be defined as: 

‘yeq = [(B,H+)/(B,H+11I(B,)/(B211 (2) 
where (B,)/(B,) is the ratio of the concentration of the 
bases in the gaseous mixture in the mass spectrometer 
and (B2 H + )/(B, H +) is the ratio of the concentration 
of the two protonated bases measured by mass 
spectrometry after equilibrium is attained. The stan- 
dard free-energy change for the proton-transfer is 

AG” = -RTlnIZ,=AiH”--TAP (3) 

When the entropy effects are negligible, the free- 
energy change may be equated with the enthalpy 
change, giving access to the relative proton affinities 
of the two bases. For the series of substituted pyridine 
compo~ds discussed, the entropy changes were 
similar for each of the compounds,7 resulting in 
cancellation of the entropy term in any comparison 
of the free-energy changes. 

For every pair of bases, the proton-transfer reac- 
tions were studied as a function of time and sample 
pressure to ensure that equilibrium had been reached4 
A total sample pressure of 1 x 10w6 torr was 
necessary to ensure sufficient ion-molecule collisions 
took place for equilib~um to be achieved during a 
reaction period of less than 1 sec. A plot indicating 
the approach to equilibrium for a mixture of 
2-ethylpyridine and 3-methylpyridine is shown in 
Fig. 1. The abundance ratio of m/z 108 from pro- 
tonated 2-ethylpyridine to m/z 94 from protonated 
3~methyip~idine changes little after 500 msec reae- 
tion time. The relative basicities of these bases caIcu- 
lated from the data of Fig. 1 by use of equation (3) 
and the trap temperature of 438 K, is 8.8 kJ/mole, 
which agrees with the literature value of 8.8 kJ/mole.’ 

Table 1 compares the differences in basicities ob- 
tained for ten pairs of substituted pyridines by using 
the ion trap, with the accpgted literature values. 
Most of the values agree with the literature data 
within 0.8 kJ/mole. The only exception is for 
~,6-dimethylpy~dine and 4-methyIpy~dine, for 
which there is a difference of 1.7 kJfmole. This pair 
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Table 1. Differences in gas-phase basicities of pairs of substituted 
nyridines 

Pair of pyridine bases 

3-Ethyl/4-methyl 
4-Ethyl/4-methyl 
3-Ethyl/3-methyl 
2-Ethyl/Cmethyl 
4-Ethyl/3-methyl 
2-Ethyl/3-methyl 
2,5-Dimethyl/4-methyl 
3,5-Dimethyl/3-methyl 
2,6-Dimethyl/4-methyl 
2,6-Dimethyl/3-methyl 

Difference in basicity, kJ/mole 

Literature value’ Ion trao 

0.8 0.8 
3.8 3.8 
4.6 4.2 
5.0 4.6 
7.5 6.7 
8.8 8.8 

10.4 10.4 
11.3 11.3 
14.2 12.5 
18.0 17.2 

and the 2,6-dimethylpyridine/3-methylpyridine pair 
(which differs from the literature value by 
0.8 kJ/mole) both show larger differences in gas- 
phase basicities than expected. It seems likely 
that these differences are due to steric inhibition to 
proton transfer, which prevents the attainment of 
equilibrium on the time scale of the experiments, a 
factor established in an earlier investigation of these 
systems.” 

Figure 2 shows a “ladder” of relative basicities of 
these substituted pyridines, constructed from the 
values obtained by using an ion trap. The relative 
basicities could be measured directly for pairs of 
bases with basicities differing by 0.8-17.1 kJ/mole. 
The upper limit to the direct measurements of basic- 
ity differences is set by the inability to measure 
accurately ion-abundance ratios greater than about 
100. The ladder covers a range of 17.1 kJ/mole. 

The attainment of equilibrium for proton-transfer 
reactions in the ion trap also has analytical utility. 
When complex mixtures are studied, the relative ion 

Pyridina 

2.6~Dimethyl 

At’ tkJ/mole) 

3.5.Oimethyl 

P-Ethyl 

I-Ethyl 

3-Ethyl 

Fig. 2. Ladder of relative gas-phase basicities for pairs of 
substituted pyridine bases. 

abundances of the components having higher basic- 
ities can be enhanced simply by allowing the com- 
ponents to interact for a longer time. As an example, 
a 500: 25: 1 mixture of anisole, 3-methylpyridine 
and 2-ethylpyridine was introduced into the ion trap 
and the relative abundances of the protonated ions 
were monitored as a function of time. Initially, 
protonated anisole was the dominant ion, but pro- 
tonated 3-methylpyridine gained abundance as the 
anisole ions were deprotonated. Protonated 
2-ethylpyridine increased at a slower rate, but even- 
tually matched the abundance of the protonated 
3-methylpyridine. These trends are illustrated in 
Fig. 3. This result indicates that the ion abundance 
of a sample component constituting only a fraction 
of a mole percent of the total mixture but possessing 
a relatively high basicity can be enhanced by using a 
longer reaction interval. 

Several experimental variables were studied to 
establish their effects on the equilibrium technique. 
First, the trap operates optimally with a relatively 
high pressure of helium which damps the motion of 
the ions through collision.s It was of interest to 
determine the effect of helium on the attainment of 
equilibrium. Because the helium pressure was about 
100 times the sample pressure, the protonated ions 
experienced many more collisions with helium than 

Anirolr 

Time (maed 

Fig. 3. The ion abundances for a 500:25: 1 molar mixture 
of anisole, 3-methylpyridine and 2_ethylpyridine, as a func- 

tion of time. 
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with neutral sample molecules. Regardless of the 
helium pressure, the equilibrium attained and the rate 
of attainment remained constant within experimental 
limits. However, the total ion current was greatly 
reduced at low helium pressures. This suggests that 
although helium does help to trap ions more 
efficiently, it does not accelerate or alter the at- 
tainment of equilibrium. 

The equilibrium experiments were repeated with 
isobutane (C,H:) as a secondary protonating agent. 
The final ~uilib~um attained is the same with or 
without the presence of isobutane in the trap, aI- 
though isobutane does affect the rate at which equi- 
librium is attained. Also, as the sample pressure is 
increased, the rate of attainment of equilibrium in- 
creases. This is due to the greater number of collisions 
the protonated ions experience with the neutral sam- 
ple molecules, causing a higher probability for proton 
transfer to occur. 

Kinetic method 

In the kinetic method, the proton-bound dimer of 
two bases of interest is collisionally activated, re- 
sulting in dissociation to the protonated constituent 
bases [equation (4)]. 

/ 
BIH+ + B2 

B, HB; (4) 
\ 

B, + BzH+ 

The relative rate constants for the competitive dis- 
sociations to the two constituents reflect the relative 
basicities, and in the absence of entropy effects, the 
rates are a direct function of the activation energies 
for each dissociation path. Thus, the relative abun- 
dances of the two protonated bases correlate with 
their relative basicities. 37 For a series of dimers 
formed from substituted pyridines, the natural loga- 
rithm of the ratio of the ion abundances of the two 
bases is plotted as a function of the difference in their 
basicities. If steric factors are negligible, the line 
should pass through the origin. Once the dimers from 
4 or 5 pairs of bases with known relative basicities 
have been examined and their dissociation ratios 
plotted, the graph may be used to determine (by 
interpolation) the difference in proton affinities of 
pairs of bases with unknown basicities. For example, 
as shown in Fig. 4, if the proton-bound dimer of 
4-ethylpyridine and 4-methylpyridine (m/z 201) is 
isolated, then activated, two dissociation products are 
obtained with m/z 108 and 94. The abundance ratio 
determined from Fig. 4 can then be interpolated in 
Fig. 5. 

The advantage of this method over the equilib~um 
method is that the sample concentrations and purities 
need not be known for calculation of the relative 
basicities. Furthermore, since solid bases are difficult 
to characterize by the equilibrium method because of 

80 201 

Proton -bound dimer 

4- Ethylpyridine 

40 
4- Methylpyridl~ 

0 

i Daughters 
80 

108 

40- 

94 

0 
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Fig. 4. Mass spectrum for the proton-Lund dimer formed 
between 4-ethylpyridine and 4_methylpyridine, observed at 
m/z 201. It dissociates to compounds with m/z 108 and 94 

after collisional activation. 

their low volatilities, the kinetic method is critically 
important for determining their basicities. It must be 
stated, however, that the method has certain disad- 
vantages: (i) the range of basicity differences which 
can be studied is smaller than that by the equilibrium 
method (about 8.4 kJ/mole for the kinetic method us. 
17.1 kJfmole for the equilibrium method) and {ii) the 

2-Ethyl/3-methyl ,A 

/ 
k 4-Ethy1/3-methyl 

r/2-E)hyl/4_methyl 

A 4-E(hyl14-methyl 

i/il~thy,,~-rn~thy, , 

0 4 8 

AG; , kJ /mole 

Fig. 5. Plot of log (ion abundance ratio) us. basicity 
difference. 
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method is less precise because a large number of 
collisional activation conditions must be reproduced 
on a daily basis, introducing a greater variability in 
the technique. 

A measure of the internal energy, or effective 
tem~rat~,37 of the dimer ions can be estimated 
from the slope of the logarithmic plot, since the 
equation for the line is In (B, H+)/(B,H+) = AEJRT 
where (B,H+)/(B,H+) is the concentration ratio of 
the two protonated bases produced from the dis- 
sociation of the dimer ions and A&, is the difference 
in activation energies for the two competing fragmen- 
tations and is represented by the difference in the 
basicities of the two pyridine compounds. From the 
data plotted in Fig. 5, an effective temperature of 335 
K is calculated for the dimer ions after collisional 
activation. 

The kinetic method may also be used to determine 
the basicities of uncharacterized compounds. For 
example, the proton affinity of I-adamantanamine 
(C,,H,,N) has not yet been published. When this 
compound is introduced into the ion trap together 

with 3-ethylpyridine, basicity 903.2 kJ/mole,’ a 
proton-bound dimer (m/z 259) is formed. On activa- 
tion, the dimer dissociates to produce protonated 
I-adamantanamine (m/z 152) and protonated 
3-ethylpyridine (m/z 108) with an abundance ratio 
(152/108) of 1.2. By interpolation in Fig. 5, the 
basicity difference is estimated to be 0.4 kJfmole, 
yielding an estimated basicity of 903.7 kJ/moIe for 
I-adamantana~ne. To confirm this result, the 
proton-bound dimer of Cethylpyridine (basicity 
906.2 kJ/mole)’ and I-adamantanamine was studied. 
This dimer dissociates to give an ion abundance ratio 
(152/108) of 0.75, corresponding to a basic&y 
difference of 2.1 kJ/mole, and yielding a basicity of 
904.1 kJ/mole for 1-adam~~namine. These results 
are consistent and demonstrate the utility of the 
kinetic method for calculating unknown basicities of 
gas-phase species. 

CONCLUSIONS 

A quadrupole ion trap may be used for the deter- 
mination of relative gas-phase basicities by either the 
proton-transfer equilibrium technique or the kinetic 
method. Most relative basicities obtained by using 
the equilibrium technique agree with accepted litera- 
ture values within 0.8 kJ/mole. The equilibrium es- 
tablished between compounds of different basicities 
can be used to enhance the ion abundance of a trace 
compound (in a mixture) having a high proton 
affinity. The basicity of 1-adamantanamine is 
903.9 + 0.8 kJ/mole as determined by the kinetic 
method. 

Extension of the methods used here to the 
measurement of other thermochemical properties3*3v 
should be straightforward. Ion abundances measured 
in the quadrupole ion-trap are more sensitive to 
operating parameters than are say, measurements 

made with a conventional quadrupole mass filter. 
However, the increasing availability of ion traps and 
the ease with which thermochemical quantities can be 
estimated, suggest that the traps will see increasing 
use for this purpose. Recent experiment#’ have 
demonstrated that relative rate constants for 
ion-molecule reactions can also be measured by using 
the simple commercial version of the ion trap. To- 
gether, these developments suggest that ion traps will 
see important uses in fundamental studies to com- 
plement their already established value in chemical 
analysis. 
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Summary-Several reaction steps in the Berthelot reaction for the determination of ammonia have Been 
separately studied. A reaction order of two has been confirmed for the reaction Between HOC1 and NH,. 
The rate constant for this reaction has been determined to be 3.2 x IO6 I. mole-‘. set-I. The first evidence 
for the formation of benzoquinonechlorimine is presented. Pentacyanoferrate coupling reagents which 
accelerate the production of indophenol have been found to operate on the reaction between NH&l and 
phenol. The rate constant for the final step of the reaction sequence has been determined to be 
5.3 x IO-’ 1. mole-‘.sec-‘. A reaction between chlorimine and pentacyanoferrate compounds has been 
found to be responsible for the formation of a green product in the presence of excess of coupling reagent. 

The Berthelot reaction’ is the basis for sensitive and 
selective methods for the determination of ammonia. 
A host of analytical methods based on this reaction 
have emerged since the discovery that sodium 
nitropentacyanoferrate2 greatly accelerates the rate 
of the reaction. A recent review) indicates how 
widespread the use of this reaction has become. 
Despite this, the reaction that occurs between HOCI, 
NH,, and phenol has never been completely charac- 
terized. The proposed reaction mechanism4 consists 
of three consecutive steps given as: 

reaction involving benzoquinonechlorimine has not. 
Finally, it has been determined6.’ that aquopenta- 
cyanoferrate, which is produced in aqueous solutions 
of nitropentacyanoferrate,‘6*‘7 is responsible for accel- 
erating the overall Berthelot reaction. However, the 
reaction step during which this compound acts has 
not been determined. Furthermore, the reaction 
responsible for the formation of a green product6*‘*‘* 
in the presence of excess of coupling reagent has not 
been determined. 

In this work, the reaction order and rate constant 

OCl- + NH, - NH&L + OH- 

Ho 0 
-0 

+ NHICL - O-NC1 

O+NCt + HOa x -O-@N=(=&O 

This reaction sequence is widely accepted as correct, 
although the intermediate product, benzoquinone- 
chlorimine, has never been directly identified. Very 
little is thus known concerning the kinetics of the 
second reaction step. Though the first step of the 
reaction has been investigated,5-9 the rate constants 
obtained in these studies vary widely. The most recent 
kinetic data for the reaction suggest9 a reaction order 
of 0.8 for NH,. 

Reactions similar to the third step of the reaction 
sequence have also been studied,‘ti’s but the specific 

for the reaction between HOC1 and NH, have been 
determined. The reaction between NH&l and phenol 
has been studied and the reaction product has been 
identified. The final step of the Berthelot reaction 
sequence has also been investigated. Finally, the 
reaction responsible for the formation of the green 
product has been identified. These studies, in con- 
junction with our previous work,’ provide a clearer 
understanding of the reactions involved in converting 
NH, into indophenol in the absence and presence of 
pentacyanoferrate compounds. 
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Apparatus 
EXPERIMENTAL 

Reaction-rate data for all rapid reactions were collected 
with a stopped-flow instrument built in this la~rato~.19 
The modified instrument has already been described.zOJ’ The 
instrument performance was evaluated by classical tech- 
niques employing a well characterized reaction.22-25 An 
instrumental precision of 1.8% RSD was obtained. The 
dead-time of the instrument was found to be 6 i 1 msec. 

A Perkin-Ever Lambda 3 s~trophotometer with a 
Model 3600 Data Station was-used to collect spectro- 
photometric data to identify the product formed in the 
second step of the Berthelot reaction sequence. Time- 
dependent ultraviolet spectra for hydrolysis of chlorimine 
were also recorded with this instrument. A Perkin-Elmer 
Hitachi 200 s~trophotometer was used for 
fixed-wavelength studies of the hydrolysis of chlorimine. 
The instrument was connected to a microcomputer pro- 
grammed to collect and store absorbance data at regular 
intervals. 

Reagents 

Commercially available liquid bleach was used as a stock 
reagent for all hypochlorite solutions. The total hypo- 
chlorite concentration in these bleach solutions was 
determined by iodometric titration. 

Ammonium chloride was used as the source of NH, 
throughout these studies. Accurately weighed amounts of 
the dried salt were used to prepare stock solutions. These 
solutions were kept slightly acidic to minimize evaporative 
loss of NH,. Fresh stock solutions were prepared daily. 

Stock solutions of monochloramine were prepared from 
NH,OH by the procedure of Kleinberg. The concentration 
of stock NH,Cl was determined by thiosulfate titration. 

Stock solutions of phenol and sodium borate (0.050~) 
were prepared from appropriate amounts of the reagent- 
grade salts with no further purification. Buffer solutions in 
the pH range 8-l 1 were prepared by mixing sodium borate 
with appropriate volumes of O.lM hydrochloric acid or 
0.1 M sodium hydroxide. 

Sul~to~ntacyanoferrate, SpF, was used as the coupling 
reagent instead of aquopentacyanoferrae. It was synthe&ed 
bv the nrocedure of Baran and Miiller.2’ The SnF can be 

” 1 

made in purer form than the aquo compoundZR and is more 
stable. It is just as effective in accelerating the rate of the 
Berthelot reaction.2’ The dried compound was stored in a 
vacuum desiccator in the dark. 

Benzoquinonechlorimine, hereafter referred to as chlor- 
imine, was synthesized from p-aminophenol by the pro- 
cedure described by Patton.6 The p-aminophenol was first 
purified by filtering a hot aqueous solution through acti- 
vated carbon and then cooling, and recrystallizing the 
compound from distills water. The resulting crystals were 
immediately used to synthesize chlorimine. The dried chior- 
imine solid was purified by recrystallization from diethyl 
ether. Chlorimine was stored in a vacuum desiccator in the 
dark. 

Procedures 

The reaction between HOCI and NH,. The rapid rate of 
the reaction between HOC1 and NH, required that stopped- 
flow mixing be used for the collection of kinetic information. 
Pseudo-first-order conditions were usually employed for the 
reaction order determinations. Second-order conditions 
were employed for most of the rate constant determinations. 
Appropriate volumes of 6M sodium perchlorate were added 
to solutions to adjust the ionic strength to the 0.01 or O.lOM 
level. Borate buffers were used to adjust the pH of each 
solution over the range 8-l 1. Before mixing, solutions were 
placed in a thermostatic water-bath to equilibrate to con- 
stant temperature. Absorbance-time data for the reaction 
were collected by monito~ng either the disappearance of 
GCl- (at 292 nm) or the appearance of NH&l (at 245 nm). 

The effect of the coupling reagent SpF was determined by 
preparing ammonia reagent solutions containing accurately 
weighed quantities of SpF. The NH,-SpF solutions were 
mixed with h~hlo~te solutions prepared to provide 
second-order reaction conditions. Data for the reaction 
were collected with the stopped-flow instrument. 

The reaction between NM3 and phenol. Distribution 
ratios were determined for the-species involved in the second 
step of the Berthelot reaction. Aqueous solutions of chlor- 
imine, SpF, and phenol were prepared. The absorbances of 
these solutions were measured at the respective wavelengths 
of maximum absorbance, A,,, before and after extraction 
with n-heptane. Distribution ratios were determined for 
these compounds from the collected absorbance data. 

Monochloramine solutions were prepared for these distri- 
bution studies as follows. Several ml of an NH&l solution 
were added to a 35-ml vial containing 5 ml of n-heptane. A 
suitable amount of sodium hypochlorite was placed in the 
vial and the mixture was shaken thoroughly for several 
minutes. The organic phase was removed and the aqueous 
phase discarded. The spectrum of the organic phase was 
recorded from 320 to 230 nm. An absorption band for 
NH&l was present and the absorbance was measured at 245 
nm. Then 4 ml of the organic phase were shaken with 1 ml 
of distilled water. The absorbance of the organic phase was 
again measured at J._. 

The product of this reaction was identified by using 
absorption spectra of phenol, phenolate and chlorimine. 
The Berthelot reagents were added to a 75-ml vial contain- 
ing pH 10.7 borate buffer. At the first appearance of a blue 
color, n-heptane was added and the vial was shaken. The 
spectrum of the organic phase was recorded over the range 
320-230 nm. The organic phase was then placed in a vial 
and shaken with distilled water. The spectrum of the washed 
organic phase was recorded and stored. This process was 
repeated for a second wash of the organic phase with 
distilled water. 

The reaction between chlorimine and phenol. Stock solu- 
tions of chlorimine were prepared by dissolving appropriate 
amounts of the solid in about I ml of ethanol. Stock 
solutions were buffered to pH 8, diluted to volume with 
distilled water and refrigerated to reduce the effect of 
hydrolysis2’ Reagent solutions were prepared from the 
stock and used as rapidly as possible. 

The reaction between chlorimine and phenol was studied 
under pseudo-first-order conditions. Chlorimine solutions 
were prepared from 10 successive lW2000 pl aliquots 
withdrawn from a 5.9 x 10e4N stock solution. Each aliquot 
was mixed with 500 ~1 of 0.105M phenol, 3 ml of borate 
buffer (=pH 9.5) and enough distilled water to make the 
total volume 5.500 ml. The chlorimine was added last, and 
the mixture was shaken rapidly and placed in a thermostatic 
cell. The reaction was monitored by collecting absorbance 
data at 635 nm for the appearance of indophenol. The pH 
was measured after the reaction. 

Pseudo-first-order conditions were used to determine the 
efliect of SpF on the rate of the reaction. A series of phenol 
solutions was prepared, containing various amounts of SpF. 
Solutions of chlorimine were then prepared to maintain a 
constant chlorimine to SpF ratio for each of the phenol-SpF 
solutions. The phenol concentration was kept constant at 
2.02 x lo-‘M throughout the study and the pH was mea- 
sured to be 10.38. The solutions were mixed in the stopped- 
flow instrument, and absorbance data at 635 nm were 
collected. 

RESULTS AND DISCUSSION 

The reaction order for NH, 

Although the initialIy proposed Berthelot reaction 
sequence4 suggested that a reaction occurs between 
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OCl- and NH,, other studies>’ indicate that un- 
dissociated hypochlorous acid is the reactive species. 
This reaction can be written as: 

HOC1 + NH, + NH,Cl + H,O (1) 

Since the reaction order for NH3 is uncertain, the 
reaction rate can be expressed in terms of the un- 
known order, n, and the reagent concentrations, as: 

Rate = k,[HOC][NH,] (2) 

The HOC1 and NH, establish mutually dependent 
acid-base equilibria in the solution. These equilibria 
are given by: 

HOC1 + HZ0 + OCl- + HJO+ (3) 

NH,+H,O$NH: +OH- (4) 

These proton exchange reactions occur rapidly rela- 
tive to the rate of reaction (1). As reaction (1) 
proceeds, the individual equilibria shift to form more 
of the two neutral molecules. It is thus the change in 
the total analytical concentration of each reactant 
that indicates the extent of the reaction. The total 
hypochlorite concentration, [Cl,], and total ammonia 
concentration, [NT], are given by: 

[Cl,] = [HOC]] + [OCl-] (5) 

WI = [NH,1 + [NH:1 (6) 
With the equilibrium constant expressions for reac- 
tions (3) and (4), equations (5) and (6) can be 
rewritten as: 

(7) 

(8) 

where Ka is the acid dissociation constant for HOCl, 
K,, is the base dissociation constant for NH,, uH is the 
hydrogen-ion activity, and y is the mean ionic activity 
coefficient. If the pH and ionic strength remain 
constant during the reaction, all values in the denom- 
inators of equations (7) and (8) are constant. Substi- 
tuting equations (7) and (8) into equation (2) and 
collecting constants gives: 

Rate = k’[CI,][N,] (9) 

Equation (9) indicates the dependence of the rate on 
the total analytical concentrations of both hypo- 
chlorite and ammonia. 

Under pseudo-first-order conditions with hypo- 
chlorite in excess, [Cl,] remains constant and can be 
collected into k’ to give: 

Rate = k”[N,] (10) 

where k” is given by: 

k” = k,Wrl 
(1 + K,lw)(l + &aHIKwy) 

(11) 

Equation (10) was used to derive a mathematical In(Rate),, = n ln[N,], + ln(k”d) 

T.&L. 36,1-2-R 

0.360 

II 

0.265 ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 
0 0.2 

Time (set) 

Fig. 1. Fit of a nonlinear reaction model (solid line) to 
absorbance data collected for the reaction of 6.50 x IO-‘A4 
Cl, with 1.5 x IOe4M NT. Solution absorbance data 
collected at 245 nm for the appearance of NH,CI. Reaction 

model is based on a reaction order of 1.0 for NH,. 

model based on a reaction order of unity for ammo- 
nia. The integrated rate expression was written in 
terms of solution absorbance, time, k” and other 
constants characteristic of the solutions. The mathe- 
matical model was written into a nonlinear simplex 
curve-fitting routine. 29 The program fits the model to 
the data by varying a set of adjustable parameters to 
minimize the sum of the squares of the residuals 
between calculated and real absorbance values. Three 
adjustable parameters were used in the reaction 
model: k”; the initial solution absorbance, A,; and the 
final solution absorbance, A,. The absorbance values 
are fairly well known, but slight errors in them can 
cause deviations in the fit. A successful reaction 
model necessarily reproduces the entire 
absorbance-time reaction profile. The program was 
run for each data set until a consistent value of the 
sum of the squares of the residuals was achieved. 
Figure 1 shows a typical fit of the model to the data. 
An excellent fit was obtained for each of the solutions 
tested. In every case the values of A,, and A, returned 
by the fitting routine agreed with the observed experi- 
mental values. 

The pseudo-order rate constant returned by the 
fitting routine is derived from absorbance data col- 
lected during the reaction. Equation (11) shows the 
rate constant derived in terms of concentration units. 
The molar absorptivity, c, and the cell path-length, f, 
must be used as a factor to equate the two. Equation 
(lo), written in terms of the initial reaction conditions 
and the absorbance, gives: 

(Rate), = k”d[N,];; (12) 

Values for [NT],, and k” from the fitting routine were 
used to calculate (Rate), for each solution. This 
theoretical initial rate provides a value for (Rate),, 
that is not influenced by the instrument dead-time or 
by noise in the data. Taking the logarithm of both 
sides of equation (12) gives: 

(13) 
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Fig. 2. Plot to determine the reaction order for NH,. Initial 
rates are determined from values of k” returned by the 
nonlinear fitting routine. Slope = 1.023,. Standard error of 
the estimate = 0.019,. Variance of the slope = 1.1 x 10-4. 

A plot of the logarithm of (Rate), US. the logarithm 
of [NT],, should yield a line with a slope equal to the 
reaction order for ammonia. Values k” were deter- 
mined from each experiment. A log-log plot of the 
data is shown in Fig. 2. Linear-regression analysis of 
the line provided a value of 1.02 for the slope and 
thus, from equation (13), the reaction order for NH,. 

A reaction model was then derived, based on 
equation (10) and a reaction order of 0.8 for NH,. 
The collected data were re-analyzed with the non- 
linear fitting routine. *’ A consistent pattern in the 
residuals to the fit indicated that the model with a 
reaction order of 0.8 for NH, did not fit the data as 
well as did the model with an order of unity. 

As a further test, the nonlinear fitting routine was 
supplied with a model in which the reaction order was 
an adjustable parameter. With this model, the fitting 
reproduced the data well at each concentration 
tested. Since the reaction order was a parameter, a 
“best fit” value was returned by the program. Reac- 
tion order values in the range 0.93-l .03 were returned 
after each fit. The reaction order values for these 
experiments all indicate a reaction order of unity for 
NH,, and this reaction order has also been deter- 
mined from experiments*’ performed with excess of 
ammonia present. 

Determination of the rate constant for the initiaI 
Berthelot reaction step 

The second-order rate expression given in equation 
(9) cannot be integrated directly. However, the 
change in concentration of the two reagents is linearly 
related. Equation (9) can be written in terms of an 
“extent of reaction” variable, x, giving: 

dx/dt = k’(a - x)(b - x) (14) 

where a and b represent the initial concentrations of 
the two reactants, and k’ is given by: 

k’ = 
k,d 

(l + KdaHy)(l + haHIKwY) 
(15) 

Equation (14) can be expressed in terms of absorb- 
ance for the reacting solution. After substitution of 
the appropriate terms, and integration, it has been 
showngo that equation (14) provides: 

ln (4-Ao) - WW - A01 = k,(b _ a)t 

(4-A) 
(16) 

A reaction model based on equation (16) was 
written into the previously described simplex fitting 
routine.29 The program was used to analyze data 
collected from experiments done under second-order 
conditions. Values of k’, A, and A, were used as 
adjustable parameters. The model reproduced the 
data very accurately, showing only random noise in 
a plot of the residuals. Figure 3 shows a typical fit to 
the data at 292 nm for disappearance of OCI-. 
Equation (15) was used to determine the second- 
order rate constant from values of k’ returned by the 
fitting routine. The values 3.2 x 1O-8 and 
1.774 x 10m5 were used for K, for HOC13’ and Kb for 
NH3,32 respectively. The rate constant was deter- 
mined to be (3.24kO.05) x lo6 l.mole-‘.sec-I. In 
the rate constant determinations in these studies it 
was assumed that the errors were confined to the 
value of k’. 

Another series of second-order kinetics experi- 
ments was done to determine the rate constant from 
data collected by monitoring the appearance of 
NH,Cl, by measurements at 245 nm. The model 
again gave a close fit to the data, as seen in the typical 
example shown in Fig. 4. The rate constant deter- 
mined from the series of experiments was 
(3.OkO.3) x lo6 l.mole-‘.sec-‘. The loss of pre- 
cision in this set of results is due to the small AA 
obtained during the reaction, and the consequent 
decrease in precision. These results are summarized in 
Table 1 and compared with previously determined 
rate constant values. 

0.30 r 

0 0.04 0.08 0.12 0.46 0.20 

Reaction time (set) 

Fig. 3. Fit of a second-order reaction model (solid line) to 
absorbance data collected for the reaction of 1.98 x IO-‘A4 
Cl, with 5.11 x IO-‘M N,. Solution absorbance data 
collected for the disappearance of OCl- at 292 nm. 
k’ = 1.744 x 10’. Rate constant: k, = (3.24 f 0.05) x 106 

l.mole-‘.sec-‘. 
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0 0.48 
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Fig. 4. Fit of a second-order reaction model (solid line) to 
absorbance data collected for the reaction of 2.40 x IO-‘M 
CLr with 1.20 x lO-)M Nr. Solution absorbance data 
collected for the appearance of NH@ at 245 nm. 
k’ = 2.467 x 104. Average k, = 3.01 x t06. Standard 
deviation = 2.6 x 105. Rate consent: k, = (3.0 & 0.3) x 106 

l.moie-‘.sec-‘. 

Effect of pentucyanoferrate compounds on the initial 
reaction 

Solutions of HOCi and NH, containing SpF were 
prepared and absorbance data for these mixtures 

were analyzed with the simplex fitting routine and the 
same second-order reaction model used for the reac- 
tion in the absence of SpF. Again, the model closely 
reproduced the data for each concentration tested; 
residuals for the fit showed only random variations. 
The coupling reagent produced no noticeable effect 
on the results. Values of k, were calculated from k’. 
The rate constant determined in the presence of SpF 
was (3.13 kO.06) x lo6 l.mole-‘.sec-‘, which is 
equivalent (within the error limits) to be value ob- 
tained with SpF absent. The coupling reagent thus 
does not effect the first step of the Berthelot reaction 
sequence. 

The reaction between NH,Cl and phenol 

The ultraviolet spectra for 10e4M NH,Cl and 
10-SM phenol were recorded, scaled and summed 
to represent the spectrum of the reaction mixture at 

the instant of mixing. Ultraviolet spectra recorded for 
the reaction mixture at pH 8 were found to be 
identical with the theoretical spectrum when the 
reaction time exceeded 3 hr. Similar experiments 
performed at various pH values (8-10) likewise indi- 
cated little or no change in the reaction mixture 
spectra with time. 

Experiments under the same conditions as for this 
study were performed, with the exception that the 
phenol solutions contained the coupling reagent SpF 
(IO-“&f). Under these conditions the reaction mix- 
ture spectrum rapidly changed from that of NH&l 
and phenol to a spectrum identical to that of in- 
dophenol. The solutions became blue shortly after 
mixing. SpF was thus found to affect directly the 
second step of the Berthelot reaction sequence. In the 
presence of SpF (and other pentacyanoferrate com- 
pounds), the reaction progresses rapidly through the 
final step of the Berthelot reaction sequence. 

Isolation of chlorimine from reaction mixtures 

In the Berthelot reaction sequence proposed by 
Bolleter et ~l.,~ N&Cl couples with phenol to pro- 
duce chlorimine. This product has never been directly 
identified as a Berthelot reaction intermediate. Al- 
though chlorimine absorbs in the ultraviolet region, 
phenol exhibits such broad, strong absorption bands 
that chlorimine and other ultraviolet-absorbing spe- 
cies are obscured. Chlorimine must first be extracted 
from Berthelot reaction mixtures if it is to be 
identified s~trophotomet~~lly. 

Beer’s law can be used to determine distribution 
ratios from absorbance data collected for the species 
involved in the second step of the Berthelot reaction 
sequence. The concentration distribution ratio, D,, 
is given by D, = [C$,/[C~. For extraction from water 
(with 1: 1 pha~-volume ratio), 0, = (A, - A,)/,&, 
where A,O, and Af are the initial and final absorbances 
of the phases from which the extraction is made. 
When the extraction is from n-heptane into water, D, 
is the reciprocal of this fraction. Table 2 lists distribu- 
tion ratios for several Berthelot reagents. Only chlor- 
imine is preferentially extracted into n-heptane. It 
should thus be possible to extract into n-heptane 
some of the chlorimine produced in the reaction 

Table I. Rate constants for the reaction between HOC1 and NH, 

Rate constant, Reaction 
Reference I.moie-‘.sec-’ conditions 

Weil and Morris5 6.2 x IO* second order 

Margerum et uf.* 2.9 x 106 

3.1 x 106 

(3.24 * 0.05) x IO6 

pseudo-first order 
(excess NH,) 

pseudo-first o;ber 
(excess NH,) 
second order* 

Johnson et aL9 

This work 
This work (3.0 f 0.3) x I@ 
This work (3.13 f 0.06) x lob 

*Absorbance data from disappearance of OCl-. 
tAbsorbance data from appearance of NH,Cl. 
BRate constant determined in the presence of coupling reagent. 

second ordee 
second order$ 
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Table 2. Distribution ratios between water and n-hentane 

Chemical Extracted 
species from A 101 A f 4 

chlorimine water 0.407 0.088 3.6 
phenol n-heptane 1.177 0.137 0.132 

phenolate water 0.988 0.987 ns 
SPF water 0.635 0.635 ns 

indophenolate water 0.742 0.742 
monochloramine n-heptane 0.302 0.066 Oni8 

A,,, is the absorbance at I,, in the indicated phase before the extraction 
from it. 

A, is the absorbance at A,,,,, for the same phase after the extraction. 
ns indicates species that are nonsoluble in n-heptane. 

between phenol and NH,Cl. Phenol and NH&l, 
which might be extracted along with the chlorimine, 
could be washed back into the aqueous phase with 
water. 

Figure 5a shows the ultraviolet spectrum of an 
n-heptane extract from an aqueous solution in which 
the Berthelot reaction was in progress. Also shown in 
Figure 5a are the spectra recorded for the same 
n-heptane phase after two successive washes with 
distilled water. As can be seen, the major peak in the 
original organic phase belonged to a species which 
was preferentially washed from the n-heptane, leav- 
ing behind a component that gave a peak which had 
appeared as the shoulder in the original spectrum. 
Figure 5b compares the spectrum of the n-heptane 
extract after the final aqueous wash, with the spec- 
trum of a lower concentration of chlorimine dissolved 
in n-heptane. This evidence shows that chlorimine is 
indeed formed in the reaction between phenol and 
monochloramine. The major band consisting of three 
peaks was identified as that for undissociated phenol. 
As indicated by the distribution ratios in Table 2, 
phenol should be stripped into an aqueous phase 
preferentially to chlorimine. This back-extraction of 
phenol leaves behind most of the chlorimine, which 
is easily identified in the n-heptane phase. This repre- 
sents the first direct evidence of the formation of 
chlorimine in the Berthelot reaction sequence. 

Hydrolysis of chlorimine 

The time-dependent spectra of a solution of chlor- 
imine undergoing hydrolysis are shown in Figure 6. 
Hydrolysis occurs as a first-order process, owing to 
the large excess of water in aqueous solutions. The 
rate of hydrolysis can be written as: 

- (d[C]) -dA 
Rate=-=_= 

dt cb dt kh[C1 
(17) 

where C represents chlorimine and A is the absorb- 
ance of chlorimine during the reaction. As with other 
first-order processes, the rate constant for hydrolysis 
can be determined from a plot of the initial rate U.S. 
the initial concentration of chlorimine. The initial 
rate is determined from the initial slope of the 
reaction curve for a solution undergoing hydrolysis. 
Initial rates were determined for each reacting solu- 

tion. The slope of the resulting line was determined 
by linear-regression analysis. The rate constant for 
hydrolysis was determined from the known molar 
absorptivity of chlorimine2’ and the cell path-length. 
The value of 3.8 x 10e6 see-’ (2.3 x 10m4 min-‘) was 
calculated for k,. Values for k, in the range 
2-9 x 10m6 set-’ have been determined2’ from data 
collected under various reaction conditions. 

The reaction between chlorimine and phenol 

Pseudo-first-order conditions were chosen for 
studying the reaction between chlorimine and phenol. 

(a) 

Max - 0. so 

Mln *o.os 
I I I I I I I I 

320 340 300 290 200 270 260 250 240 230 

Wavelength (nm ) 

Fig. 5. (a) Spectra of an n-heptane extract of a Berthelot 
reaction mixture (upper spectrum) and the same n-heptane 
phase after two successive washes with an equal volume of 
water (lower two spectra). (b) Comparison of the spectrum 
of chlorimine in n-heptane (lower curve) with the spectrum 
obtained by extracting and isolating an intermediate from 
an aqueous solution undergoing the Bertholet reaction. The 

solutions are not of equal concentration. 
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Max '2.60 

300 290 260 270 260 250 240 230 220 

Wovelength (nm) 

Fig. 6. Time-dependent spectra of an aqueous chlorimine solution at pH 10. Multiple spectra are recorded 
over a 4-hr interval. The absorption band of chlorimine at 287 nm decreases with time, owing to 

hydrolysis. 

The absorbance-time reaction profile was found to Equation (18) represents hydrolysis of chlorimine. 
be sigrnoidal. Such a reaction profile is similar in Equation (19) represents the reaction between chlo- 
shape to reaction curves obtained from multi-step rimine and phenol to produce indophenol. Quinone- 
reactions30 Clearly, some unexpected reaction imine formed by reaction (18) will also react with 
contributes to the overall rate to produce the ob- phenol to produce indophenol: 

served reaction profile, but the absorption spectrum 
of the final mixture was found to be identical to that 
of indophenol; indophenol is still the only observed 
product of the reaction. 

Svobodova et a1.‘4.‘5 have found that hydrolysis 
of 2,6-dichloroquinonechlorimine produces 2,6-di- 
chloroquinoneimine. Both compounds were shown 
to react with phenol to produce indophenol. Sur- 
prisingly, the hydrolysis product, quinoneimine, was 
found to react at a faster rate than the parent 
2,6-dichloroquinoneimine. Such a mechanism could 
cause a sigmoidal reaction profile. 

In solutions containing a large excess of phenol, 
chlorimine undergoes parallel first-order reactions: 

If k,>>k,, hydrolysis is negligible in comparison to 
the rate of reaction (19). However, if k, is not 
significantly greater than k,, hydrolysis will produce 
a measurable amount of quinoneimine. As quinone- 
imine forms, it reacts with phenol to produce in- 
dophenol in parallel with reaction (19). The rate of 
formation of indophenol can then be written as: 

d]Indodplhenoll = k,[C][PhOH] + k,[Q][PhOH] (21) 

where [C] is the concentration of chlorimine, [Q] is the 
concentration of quinoneimine, and [PhOH] is the 
phenol concentration. The observed increase in the 
reaction rate would then occur if k, > k,. 

(19) 
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Fig. 7. Plot of the initial reaction rate vs. the initial 
concentration of chlorimine for the reaction of a series 
of chlorimine solutions (1.1 x 1O-5-2.2 x IOT4M) with 
9.54 x IO-‘M phenol at pH 9.71. Slope = 0.446. Standard 
error of the estimate=&6 x IOe6. Variance of the 

slope = 9.8 x 1W4. 

Under pseudo-first-order conditions with phenol in 
excess, the pseudo-order rate constants k; and k; are 
given by: 

k; = k,[PhOH] (22) 

k ; = kJPhOH] (23) 

A value for k; at pH 9.71 and 9.54 x lo-‘M phenol 
is calculated, from the k, value reported by Corbett,” 
t5 be 3.8 x 10m2 min-‘. 

Since the c5n~ntration of quinoneimine is zero at 
the start of the reaction, equation (21) reduces to: 

(Rate),, = k;d[C], (24) 

The data were analyzed to determine initial rates 
through linear-regression analysis of the initiat slope 
of the sigmoidal-shard reaction curves. A plot of 
initial rate us. initial concentration is shown in Fig. 7. 
The slope of the line provides a value for k;. With log 
6 = 3.95 for indophenol,’ k; is calculated to be 
(5.0 * 0.3) x 10e5 set-’ (3.0 x 10e3 min-I). This 
value is sutliciently greater than kh for the initial 
reaction rate indeed to be free from hydrolysis effects. 
However, it is not large enough for hydrolysis of 
chlorimine to be negligible. As quinoneimine is pro- 
duced, it reacts with phenol more rapidly than does 
chlorimine. The effect is an increase in the rate of 
production of indophenol. Such multi-step reaction 
mechanisms are known to produce sigmoidal-shaped 
reaction profiles. 

The rate constant for the reaction between chlor- 
imine and phenol can be determined by using equa- 
tion (23) and the value of k;. The second-order rate 
constant for the reaction is thus determined to be 
(5.3 i: 0.4) x IOe3 l.moie-‘.sec-‘. 

The effect of SpF on the final reaction step 

Previous studie@’ on the effect of aquopenta- 
cyanoferrate, AqF, on the Berthelot reaction indi- 
cated that the greatest amount of indophenol was 

produced when the concentration of AqF equalled 
that of NH,Cl. Greater concentrations of AqF 
caused the resulting solutions to turn green rather 
than the blue characteristic of indophenols. The 
product responsible for the green color was not 
identified. 

Mole-ratio experiments performed to study the 
effect of SpF on the Berthelot reaction correlated well 
with these previous results.21 Furthermore, SpF was 
found to react rapidly with chlorimine to produce a 
green product. The spectrum of the resulting green 
solutions2’ matched the absorption spectra of the 
previously noted green products.6T7 This reaction 
would also account for the formation of a green 
product, observed by Corbett,‘* under similar condi- 
tions. The reaction responsible for the formation of 
the green product has thus been identified as a 
reaction occurring between chlo~mine and the 
pentacyanoferrate compound. 

Figure 8 shows a pseudo-first-order nonlinear fit to 
the reaction data for a solution containing 
1.58 x IO-‘M chlorimine and 6.29 x 10e5M SpF. 
The solution was allowed to react with an excess of 
phenol. The model used to fit the data was identical 
to the model used in the absence of SpF, yet the 
model still reproduces the data well. The presence of 
SpF at four times the concentration of chlorimine 
does not alter the reaction rate profile derived for the 
reaction between chlorimine and phenol. Other more 
concentrated solutions prepared to determine the rate 
were influenced by the reaction between chlorimine 
and SpF (evidenced by the formation of a green color 
in solution). It was not possible to determine rate 
constants from these solutions. However, from these 
limited data, SpF appears to have little or no effect 
as a catalyst in the reaction between chlorimine and 
phenol. 

Conclusions 

The results of these studies indicate that NH, has 
a reaction order of 1 and not 0.8 in the reaction 
between HOC1 and NH,. The first step of the 

0.12 r 

: 0.08 

x 

% 
Q 0.04 

Time fsec) 

Fig. 8. Fit of a pseudo-first-order reaction model (solid line) 
to data collected for a reaction between phenol and 

chlorimine in the presence of SpF. 
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Berthelot reaction is rapid, with a rate constant of 
3.2 x lo6 l.mole-’ .sec-‘. Pentacyanoferrate coupling 
reagents have no effect on the rate of this reaction. 

The second step of the Berthelot reaction is rate- 
limiting in the absence of pentacyanoferrate coupling 
reagents. Pentacyanoferrate compounds directly 
affect the rate of the second reaction step. The 
product of the second step of the Berthelot reaction 
has been shown to be benzoquinonechlorimine. 

The final step of the Berthelot reaction involves a 
reaction between chlorimine and phenol to produce 
indophenol. The rate constant for the reaction was 
determined to be 5.3 x low3 l.mole-‘.sec-‘. Chlo- 
rimine hydrolyzes at a lower (but not negligible) rate 
than that for its reaction with phenol. The hydrolysis 
product also reacts with phenol to produce in- 
dophenol. Pentacyanoferrate compounds have little 
or no affect on the reaction between chlorimine and 
phenol. However, aquopentacyanoferrate and 
sulfitopentacyanoferrate do react with chlorimine to 
produce an unidentified green product which inter- 
feres with the Berthelot reaction. It thus is necessary 
to avoid excess amounts of these compounds during 
Berthelot ammonia determinations. 
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POTENTIOMETRIC ION- AND BIO-SELECTIVE 
ELECTRODES BASED ON ASYMMETRIC 

CELLULOSE ACETATE MEMB~N~S 
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Summary-The potentiometric response properties of ammonium-, carbonate-, and proton-selective 
electrodes prepared by incorporating appropriate neutral carriers within novel asymmetric cellulose 
acetate membranes are reported. The membranes are formed by first casting a thin layer of cellulose 
triacetate without carrier, hydrolyzing one side of this film with base, and then on the other side casting 
a second layer of cellulose triacetate containing the membrane active components. The resulting 
asymmetric ion-selective membranes function equivalently, in terms of selectivity and response slopes, 
to non-asymmetric cellulose triacetate membranes and conventional poly(viny1 chloride)-based mem- 
branes. The hydrolyzed surface of the asymmetric membranes can be activated in aqueous solution with 
carbonyldiimidazole for the direct immobilization of proteins on the surface of the membranes, without 
loss in potentiometric ion-response. As an example, the immobilization of urease on the surfaces of 
ammonium- and carbonate-selective membranes yields potentiometric bio-selective urea-probes with 
desirable dynamic response properties. 

Over the last two decades, a variety of potent~ome~~c 
ion- and gas-selective membrane electrodes have been 
used as detection elements to prepare novel bio- 
selective electrodes.‘” Such bio-electrodes are gener- 
ally fabricated by immobilizing appropriate biologi- 
cal species (e.g., enzymes, intact cells, antibodies, etc.) 
in a layer adjacent to the sensing membrane of the 
electrodes. Often, this process involves covalently 
attaching the bioreagents to a secondary membrane 
which can then be mounted on the ion- or gas-sensing 
membrane. Alternatively, the bioreagents can be 
crosslinked or entrapped within a gel layer adjacent 
to the sensing surface. However, the adhesiveness, 
thickness, and enzyme-loading factor of these layers 
are critical to the performance (including response 
times and stability) of the resulting devices.” In 
this paper, we report on the development of a new 
type of ion-selective polymeric membrane to which 
enzymes and other biospecies can he. covalently 
attached directly, for the purpose of preparing poten- 
tiometric bio-selective electrodes with improved re- 
sponse properties. 

Interest in using solvent/polymeric membrane elec- 
trodes as the sensors in bio-electrodes arises from the 
high ion-selectivities, rapid response times (compared 
to gas-sensors), and ease of fabrication (for dispos- 
able sensors) associated with these devices. Tradi- 
tionally, the most analytically useful membranes are 
prepared by incorporating electrically neutral carrier 
molecules into plasticized poly(viny1 chloride) (PVC) 
membranes.9-‘2 Direct covalent attachment of bio- 

*Author to whom all correspondence should be addressed. 

reagents to the surfaces of such membranes would 
require the incorporation of functional groups, either 
in the form of membrane-soluble lipophilic additives 
or derivatized polymeric materials. However, such 
changes in membrane composition can result in 
loss of ~tentiome~c ion-~l~ti~ty.‘~13 Recently, 
various groups have demonstrated that carboxylated- 
PVC can be used as a replacement for regular PVC 
without decreasing the selectivity of neutral carrier- 
based membranes.14’6 Moreover, certain enzymes or 
crosslinked enzyme gels have been shown to adhere 
tightly, albeit non-covalently, to the surfaces of these 
carboxylated membranes.“*‘* 

One of our long-term goals has been to devise 
methods for covalent attachment of very thin films, 
even monolayers, of bioreagents directly to the sur- 
face of polymeric ion-selective electrodes (ISEs) 
without altering the ion-response of the electrodes. 
Although some success has been achieved by using 
aminated-PVC as a membrane matrix,16 we now 
describe a new approach involving asymmetric plas- 
ticized cellulose acetate membranes. Though ISEs for 
calcium, based on cellulose acetate membranes, have 
been described previously,‘9 the use of cellulose ace- 
tate in the fabrication of solvent/polymeric electrodes 
is not widespread, nor have there been any attempts 
to use such membranes to prepare biosensors. 

In the proposed method, one side (the sample side) 
of a thin layer of cellulose triacetate cast without 
active membrane components is hydrolyzed with 
base. A second layer of cellulose acetate containing 
the appropriate neutral carrier and plasticizer is then 
cast on the other side of the cellulose triacetate film 
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Fig, 1. General schemes used to prepare enzyme-immobilized asymmetric ion-selective cellulose triacetate 
membranes; (A) the direct CD! method for the hydroxylated membrane; (B) the glutaraldehyde method 

for aminated membrane. 

(see Fig. 1). Ammonium-, carbonate-, and pH- 
selective membranes serve as models for these in- 
vestigations. These membranes are prepared with 
nonactin, trifluoroacetyl-p-butylbenzene, and tri- 
dodecylamine, respectively. The hydroxyl groups on 
the hydrolyzed surface of the membrane can be 
activated in aqueous solution with carbonyl- 
diimidazole (CDI). Three different methods can then 
be used to attach enzymes or other proteins directly 
to the surface of the ion-selective electrodes. The 

relative advantages and disadvantages of each attach- 
ment method are demonstrated by evaluating the 
performance of a number of urea-selective electrodes 
prepared with immobilized urease. 

EXPERIMENTAL 

Apparatus 
The external reference electrode was a Fisher double- 

junction Ag/AgCl electrode with an outer cracked-bead 
junction. All membranes were mounted in Phillips electrode 
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bodies (IS-561) (Glasblaserei Miiller, Zurich). For poten- 
tiometric measurements of ion-responses, the ISEs and 
external reference electrode were connected through high- 
imoedance amnlifiers to a Zenith Z-100 PC computer 
equipped with ^a Data Translations (DT2801) analog-to- 
digital converter. The potentiometric response of enzyme 
electrodes was measured with a Fisher Model 620 pH/mV 
meter and recorded on a Fisher Recordall Series 5000 
strip-chart recorder. 

Reagents 

Cellulose triacetate (CTA), 1,l ‘-carbonyldiimidazole 
(CDI), bis(Zethylhexy1) sebacate and nonactin were 
obtained from Fluka (Ronkonkoma, NY), and dipentyl 
phthalate, tridodecylamine, and sodium tetraphenylborate 
were products of Eastman Kodak (Rochester, NY). 
Trifluoroacetyl-p-butylbenzene (TFABB) was purchased 
from Specialty Organics, Inc. (Irwindale, CA), trido- 
decylmethylammonium chloride from Polysciences, Inc. 
(Warrington, PA), 1,1,2,2,-tetrachloroethane from Aldrich 
Chemical Co. (Milwaukee, WI) and urease (Type VII, from 
jack beans) from Sigma Chemical Co. (St. Louis, MO). 

All other chemicals used were analytical-reagent grade. 
Standard solutions and buffers were prepared with 
demineralized water. 

Preparation of various ion- and bio-selective membranes 

Figure 1 summarizes the schemes used to prepare asym- 
metric ion-selective CTA membranes with immobilized en- 
zymes. Details of these methods are described below. 

Hydroxylated or aminated cellulose triacetate membranes. 
A thin membrane (e.g., 50 pm) was prepared by dissolving 
100 mg of CTA in a mixed solvent (1.5 ml of methylene 
chloride, 0.5 ml of chloroform and 0.5 ml of 1,1,2,2-tetra- 
chloroethane) and casting the mixture in a 36-mm (id.) glass 
ring placed on a glass plate. The solvent was allowed to 
evaporate for 2 days. Acetyl groups on the bottom side of 
the membrane were then hydrolyzed by floating the mem- 
brane on 1M sodium hydroxide for 4.5 hr. After washing 
with distilled water, the membrane was air-dried. 

To introduce amino groups onto the membrane, the 
hydroxyl groups (resulting from the hydrolysis procedure) 
of the membrane were activated with CD1 by immersing the 
bottom side of the membrane in 20 ml of cold distilled water 
(4”) and adding an excess of l,l’-carbonyldiimidazole 
(about 50 mg) in 10-15 mg portions over a 15-min period. 
After brief washing with cold water, the membrane was 
immersed in a 12.5% (w/v) ethylenediamine solution in 1M 
sodium carbonate buffer @H 10) for 3 hr at room tem- 
perature. After extensive washing with water, the membrane 
was air-dried. 

Asymmetric cellulose triacetate ion-selective membranes. 
The hydroxylated or aminated membranes were placed on 
a glass plate with the derivatized surface face down. The 
unmodified upper surface of the membrane was then pre- 
treated for 30 min with 1.2 ml of methylene chloride inside 
a 22-mm (i.d.) glass ring placed on top of the membrane. 
During this period, the membrane was kept inside a desic- 
cator to reduce evaporation of the methylene chloride. A 
mixture containing the appropriate amounts of membrane 
components, depending on which ion-selective membrane 
was being prepared, was then put inside the glass ring. In 
all cases, 35 mg of CTA was utilized with a mixed solvent 
of 0.8 ml of methylene chloride and 0.8 ml of chloroform. 
Additional components (i.e., plasticizer, neutral carrier, or 
lipophilic additive) for each ion-selective system were as 
follows: 6 mg of nonactin and 120 ~1 of dipentyl phthalate 
for NH:; 100 ~1 of bis(Zethylhexy1) sebacate, 8.3 mg of 
trifluoroacetyl-p-butylbenzene, and 3.1 mg of tridodecyl- 
methylammonium chloride for CO:-; 155 ~1 of dipentyl 
phthalate, 20 mg of tridodecylamine, and 12 mg of sodium 
tetraphenylborate for H+. Again, the mixed solvent was 
allowed to evaporate very slowly by keeping the membrane 

in a vacuum desiccator with the tap only slightly open. In 
this manner, the two membrane layers were fused into a 
single asymmetric membrane. 

Smaller disks were punched from these membranes and 
mounted in Phillips electrode bodies with the derivatized 
side facing the outer sample solution. The inner filling 
solution varied, denending on which ion-selective membrane 
was being evalu&ed (ClM NH&l for NH.,+-selective 
membranes: O.lM NaH,PD./O.lM Na,HPO,IO.OlM NaCl 
for CO:--selective membranes; 0.02& NaH,PO,/O.O3M 
Na,HPO,/O.OlSM NaCl for H +-selective membranes). All 
potential measurements were made at room temperature., 
with 200 ml of sample solution, after conditioning the 
membranes overnight. 

Direct immobilization of urease on hydroxylated asym- 
metric ion-selective membranes. Hydroxylated membranes 
mounted in electrode bodies were immersed in cold water 
and activated by adding an excess of l,l’-carbonyl- 
diimidazole as described above for amination. After brief 
washing of the membranes with cold water, 10 ~1 of urease 
solution [1 mg of urease (615 pmole units/mg) per 10 ~1 of 
O.lM sodium phosphate/0.5M sodium chloride buffer @H 
7.8)] were applied directly to the surface of the membranes. 
The reaction was allowed to continue for 12 hr at 4”. The 
membranes were thoroughly washed with 0.05M Tris-HCl 
buffer (PH 7.2) to remove unbound enzyme and block 
unreacted active groups. 

Immobilization of urease on aminated ion-selective mem- 
branes. For the one-step glutaraldehyde method, 10 ~1 of 
urease solution (1 mg of urease per 10 ~1 of 0.05M sodium 
phosphate buffer, pH 7.0) and 4.5 ~1 of 2.5% glutaraldehyde 
solution in the same buffer were sequentially applied to the 
aminated surface of the ion-selective membrane mounted in 
an electrode body. 

For the two-step glutaraldehyde method, the membrane 
was first activated in 2.5% glutaraldehyde solution for 5 
min. After a brief washing of the membrane, 10 ~1 of unease 
solution were applied directly to its surface. 

After the coupling reactions for 12 hr at 4” the membranes 
were thoroughly washed with Tris-HCl buffer to remove any 
excess of glutaraldehyde and unbound enzyme and stored in 
buffer at 4” when not in use. 

Evaluating potentiometric response of ion-selective and 
enzyme electrodes 

The potentiometric responses of various CTA membranes 
to ions, and corresponding enzyme electrodes to urea, were 
evaluated with different background electrolytes, depending 
on which ion-selective system was being examined (O.OSM 
Tris-HCl, pH 7.2 for NH: or urea response with an 
NH,+-selective membrane; O.lM Tris-H,SO,, pH 8.75 for 
CO{- response or pH 8.4 for urea-response with a 
COf--selective membrane: 11.4mM boric acid/6.7mM citric 
acid/lO.OmM NaH,PO, for pH response, or O.OOlM Tris- 
HCl/O.lM NaCl, pH 7.0 for urea response with a proton- 
selective membrane). The calibration plots were obtained 
from additions of standard inorganic salt or urea solutions 
to 200 ml of background electrolyte at room temperature. 
The solutions were magnetically stirred throughout and the 
steady-state or equilibrium potentials were recorded. 

RESULTS AND DISCUSSION 

A scanning electron micrograph of the cross- 
section of a typical asymmetric ion-selective cellulose 
acetate membrane is shown in Fig. 2. It can be seen 
that the membrane consists of two fused layers; a 
dense ion-selective plasticized layer covered with a 
thin modified layer (upper layer). The hydrolyzed 
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Fig. 2. Scanning electron micrograph showing the cross-section of a typical asymmetric ion-selective 
cellulose triacetate membrane. 

hydrophilic thin layer (approximately 5 pm in thick- 
ness) is immiscible with organic solvents (plasticizers) 
and can be used for covalent immobilization of 
biomolecules such as enzymes, by CDI-activation 
methods. Although the initial studies were focused on 
the direct hydrolysis of homogeneous plasticized 
CTA membranes, this approach was abandoned since 
a much longer period (more than 5 days) is required 
to produce a sufficient number of surface hydroxyl 
groups and the critical membrane active components 
(e.g., nonactin) may be degraded during this 
hydrolysis period. 

Previously, organic solvents (e.g., dioxan or 
acetone) have been used for the CD&activation of the 
hydroxylic polysaccharide matrices (e.g., crossIinked 
agarose or dextran. cellulose, et~.).~~‘* Un- 
fortunately, these organic solvents wifi dissolve the 

membrane active components (i.e., neutral carrier or 
plasticizer) and may, in fact, deform the ion-selective 
membranes. Therefore, it was critical to find an 
activation method which would work in aqueous 
solutions. In subsequent experimens, we found that 
the CDI-activation can be done in aqueous solution 
provided that a relatively large amount of CD1 is 
used. Indeed, after coupling of ethylenediamine to the 
hydrolyzed surface through aqueous CDI-activation 
(as described in the Experimental section), treatment 
of the membrane with trinitrobenzenesulfonate re- 
agent (TNBS)23 gave an immediate orange-red color, 
indicating that the surface of the membrane had been 
aminated to a significant degree. Such an experiment 
provided clear evidence that the hydrophilic layer of 
the asymmetric membranes could be derivatized and 
used as a site for later attachment of biomolecules. 
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Fig. 3. Potentiometric ammonium response of various cellu- 
lose triacetate-based membranes doped with nonactin: (A) 
hydroxylated asymmetric membrane; ( X) aminated asym- 
metric membrane; (0) unm~ified cellulose triacetate 

membrane. 

Potentiometric ion response and selectivity of 

asymmetric membranes 

The potentiomet~c response characteristics of the 
various asymmetric cellulose acetate based ion- 
selective membranes were evaluated and are shown in 
Figs. 3-5 and Table 1. As can be seen, the asymmetric 
ammonium-selective membranes exhibit little or no 
change in response slope or seIectivity compared 
to the unmodi~ed cellulose triacetate membrane 
(Fig. 3). The response slope (57 mV per decade over 
the range from lo-’ to IO-‘M NH: ) and the high 
selectivity for NH: relative to several other cations 
(Table 1) were essentially the same as those for 
PVC-based membranes.‘2*‘6 

Figure 4 illustrates the ~tentiome~c response of 
t~fluoroacetyl-p-butyl~~ne (TFABB)-Dodd cel- 
lulose acetate membranes to carbonate and several 
other anions. Again, asymmetric modification (to 
form hydroxyl groups) had little or no effect on the 
response characteristics of the membrane. The re- 

150 - 

P s 
w 100 - 

-5 -4 -3 

log [anion] tM) 

-2 

Fig. 4. Potentiometric response of a typical TFABB-doped 
hydroxylated asymmetric membrane to various anions in a 
background of O.lM Tris-HrSO,, pH 8.75: (A) Cl-; (x ) 
NO,; (0) total CO, (predominantly carbonate and 

hydrogen carbonate); (V) salicylate. 
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Fig. 5. Potentiometric pH response of a typical TDDA- 
doped hydroxylated asymmetric membrane. The pH was 
adjusted by the addition of sodium hydroxide to a buffer 
confining 11.4mM boric acid, 6.7mh4 citric acid, and 
IO.OmM NaH,PO,, and monitored with a glass membrane 

electrode. 

sponse slope and selectivity (or lack of it with respect 
to salicylate) observed are essentially the same as 
those found for PVC-based membranes previously 
reported by Greenberg and Meyerhoff. Similar re- 
sults were obtained with proton-selective asymmetric 
membranes prepared with tridodecylamine as the 
membrane active component (see Fig. 5). Although 
the effect of surface hydroxyl or amine groups on the 
selectivity of the pH-sensing system was not studied 
in detail, the fact that nearly Nernstian pH-response 
was observed between pH 5 and 10 in the presence of 
1 OmM Na + , suggests that the high selectivity relative 
to alkali-metal cations is preserved when the asym- 
metric membrane is used. 

Response c~ara~terist~~s of bio-electrodes Frepared 
with asymmetric ion -select&e membranes 

All three ion-selective membranes (NH: , CO:-, 
pH) were evaluated as sensing elements in bio- 
electrodes. As a model system, we chose to immo- 
bilize urease on each of the asymmetric membranes, 
using a variety of procedures. Urease catalyzes the 
reaction 

(NH2)*C0 f 2H,0+2NH: + CO2 + 20H- 

Thus, each of the products can be detected directly or 
indirectly by one or other of the asymmetric ion- 
selective membranes. In the case of the CO:- sensor, 
buffering the sample solution at pH 8.4 allows a fixed 
fraction of the CO, present to be in the form of 
carbonate anions, detectable by the membrane doped 
with TFABB. 

Initial experiments involved the covalent immo- 
bilization of urease on asymmetric ammonium- 
selective membranes. In one case, the urease was 
attached directly to the hydroxylated membrane by 
the aqueous CDI-activation method. In further stud- 
ies, the urease was coupled to the surface of amine- 
derivatized membranes by either a one- or two-step 
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Table 1. Selectivity coefficients of nonactin-based membranes prepared in various 
matrices 

tog&.,* 

60 - 

O- 

3 
g 

-60 - 

w 

-120 - 

-180 - 

Membrane matrix Li+ Na+ K+ Mg*+ Ca?+ (CH,),N+ Hi 

4X-A -4.7 -2.9 -0.9 -3.2 -5.0 -3.7 -4.3 
CTA-OH -4.5 -2.9 -0.9 -3.2 -4.8 -3.1 -4.3 
CTA-NH2 -4.5 -2.9 -0.9 -3.2 -4.9 -3.7 -4.2 
PVCf -4.5 -2.9 -0.9 -2.9 -5.0 -3.7 -5.0 

*Determined by the separate solution method with 0.05M Tris-HCl buffer (pH 7.2) as 
the background electrolyte. Values are the average for several membranes. 

*From Ma ef al.‘b 
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Fig. 6. Typical calibration curves for the urea electrodes 
prepared by using asymmetic ammonium-selective cellulose 
triacetate membranes: (A) ureas~minated membrane pre- 
pared by the one-step glutaraldehyde method; (B) 
unease-hydroxyfated membrane prepared by the direct CD1 

activation method. 

glutaraldehyde procedure.25 With the one-step glu- 
taraldehyde method, a thin enzyme layer was formed 
on the surface of the membrane by crosslinking 
between enzymes. In all cases, however, immobilizing 
the enzyme had little or no effect on the response 
slopes and selectivity of the resulting membranes 
toward ammonium ions (not shown). 

Typical calibration plots for the urea electrodes 
prepared by using asymmetric ammonium-~l~tive 
membranes are shown in Fig. 6. The urease-aminated 
membrane prepared by the one-step glutaraldehyde 
method displayed a wide linear response with a slope 
of 57 mV per decade in the range from lo-’ to lo-‘M 
urea (curve A). However, the response was reduced 
when the urease was immobiIized on the hydroxy 
lated membrane in conjunction with direct CDI- 
activation (a slope of 44 mV per decade for 
10-5-10-2M urea; curve B). Analogous results were 
obtained for the urease-aminated membrane pre- 
pared by the two-step glutaraldehyde method (not 
shown). The degree of urea response is still 
significant, considering that the enzyme is directly 
attached to the surface of the membrane as a mono- 
layer, without crosslinking networks between en- 
zymes. It is well known that the steady-state potential 
of enzyme-electrodes can be affected by the amount 

of immobilized enzyme. c8 Thus, in the case of urease 
immobilized directly on CDI-activated membranes, 
or by the two-step glutaraldehyde method involving 
aminated membranes, the enzyme loading levels 
appear to be s~gni~cantly lower than those observed 
with a thicker layer of crosslinked urease. 

Owing to an extremely fast mass transfer of species 
between the external bulk solution and the ion- 
selective surface, the response of the monolayer 
enzyme membranes was almost instantaneous upon 
additions of urea to the sample (see curve A in 
Fig. 7). The noise on such traces results from the 
effects of magnetic stirring, causing rapid fluctuations 
in the steady-state ammonium ion activities in 
the very thin monolayer of enzyme adjacent to the 
ion-selective membrane. However, more stable 
steady-state potentials were obtained with the thicker 

10-3M 

(A) 1o-3 M (Bl 

Fig. 7. Typical strip-chart recordings showing dynamic 
response of urea electrodes prepared by using asymmetric 
ammonium-selective cellulose triacetate membranes: (A) 
urease-aminated membrane prepared by the one-step glu- 
taraldehyde method; (B) ureasehydroxylated membrane 

prepared by the direct CDI- activation method. 
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layer membrane in the range from lo-$ to lo-*A4 
urea (total change 125 mV), whereas bio-electrodes 
prepared with monolayer enzyme coverage exhibited 
relatively poor response owing to the rapid transfer 
of H + out of the ultrathin enzyme-layer (i.e., it is not 
possible to sustain a steady-state pH change adjacent 
to the pH-sensing membrane.) 

5. G. G. Guilbault. Kodak of Enzymuric h4ethorls of 
Anufysis, Chap. 5. Dekker, New York, 1976. 

6. P. W. Carr and L. D. Bowers, Immobilized Enzymes in 
Analytical and Clinical Chemistry, Chap. 5. 
Wiley-Interscience, New York, 1980. 

7. G. G. Guilbault and J. G. Montalvo, J. Am. Chem. 
Sot., 1970, 92, 2533. 

8. J. E. Brady and P. W. Carr, Anal. Chem., 1980,52,977. 
9. J. D. R. Thomas, Anal. Chim. Acfa, 1986, 180, 289. 

10. P. Oanenfuss. W. E. Morf. U. Gesch, D. Ammann, E. 
Prets% and W. Simon, ibid., 1986, 180, 299. 

11. W. Simon. E. Pretsch. W. E. Morf. D. Ammann. U. 
Gesch and 0. Dinten,‘Analyst, 1984, 109, 207. 

12. D. Ammann. W. E. Morf. P. Anker. P. C. Meier. E. 

In summary, we have described the preparation 
and performance of a new type of asymmetric ion- 
selective membrane based on cellulose acetate. The 
potentiometric response of these membranes toward 
ions is essentially the same as that of conventional 
plasticized PVC membranes. More importantly, the 
hydroxylat~ side of the membranes can be used to 
immobilize bioreagents covalently by a variety of 
reaction schemes without affecting the ionic response 13. 

or selectivity of the membranes. While immo- 
bilization of the enzyme urease in thin crosslinked 14, 
films results in urea-selective bio-electrodes with a 
greater degree of enzyme loading, and thus larger Is. 
urea responses (regardless of the base ion-sensor), the 
ability to immobilize thin monolayers of biological 

16 
’ 

reagents on the surfaces of functional ISEs by the 17. 
direct CD1 method may prove extremely valuable in 
the design of other types of bio-electrode systems; ‘g. 
e.g., disposable immunoelectrodes, etc. Work in this 19. 
direction is in progress. 
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MULTIFUNCTIONAL CHEMICALLY MODIFIED 
ELECTRODES WITH MIXED COBALT 
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Summary-A novel composite electrode coating based on a mixture of cobalt phthalocyanine and Nafion 
is described. The resulting film has better properties than either of the two components alone, resulting 
in several potential-sensing applications. In particular, it exhibits electrocatalytic, preconcentration and 
permselectivity properties simultaneously. For example, effective differentiation between compounds 
undergoing electrocatalysis, based on their characteristic charge, is illustrated. Enhanced sensitivity is 
achieved simultaneously for solutes undergoing electrocatalysis or electrostatic binding. Cyclic voltam- 
metry and rotating disk experiments are employed to characterize the catalytic, loading and transport 
characteristics. Factors determining the film’s performance are explored. The practical analytical utility 
is illustrated by selective flow-injection measurements of hydrazine or hydrogen peroxide in the presence 
of oxalic or ascorbic acids, respectively. Low detection limits (e.g., 5.7 ng of hydrazine) are obtained. 

Research into sensors is proceeding in a number of 
interesting directions. Electrochemical sensors hold a 
very promising position among the systems being 
developed, and have already proven themselves in 
use, particularly in clinical analysis.‘*2 In the past, 
electrochemical sensing probes have been based 
primarily upon potentiomet~c detection, but new 
technologies using modified electrode surfaces, mi- 
croelectrode arrays and solid-state devices appear to 
shift the balance toward voltammetry.’ Chemically 
modified electrodes (CMEs) are particularly promis- 
ing sensors and considerable effort has gone into 
their development,3,* Deliberate and controlled 
modification of the electrode surface can produce 
sensing devices with new and interesting properties 
that may form the basis for novel analytical applica- 
tions. Proper choice of the surface modifier can lead 
to a wide variety of improvements, including acceler- 
ation of el~tr~hemi~l reaction rates, preferential 
collection of the analyte and improved selectivity 
and stability. The utility of these functions has 
been demonstrated in various practical sensing 
applications.5-8 

Much more powerful sensing devices may result 
from the incorporation of two (or more) surface 
modifiers (possessing different functions) into the 
same electrode. Such multifunctional operation can 
be attained by the use of mixed (composite) polymeric 
films or multilayer coatings, as demonstrated recently 
in our laboratory. For example, a cellulose 
acetate/Nafion bilayer assembly offered attractive 
size- and charge~xclusion characteristicq9 while a 
~ly(vinylpyridine)/cellulose acetate composite film 
coupled the binding of counter-ion analytes with 

*Author for correspondence. 

protection against surfactant adsorption.‘” Other 
promising combinations of chemical and structural/ 
mechanical functions have been described recently 
by Penner and Martin,” Fan and Bard,** Van 
Koppenhagen and Majda13 and Montgomery et aLI 

In this paper we describe a new trifunctional 
electrode coating based on a mixture of cobalt phtha- 
locyanine and Nafion. Metallo-phthalocyanines have 
heen used for a long time as electrocatalysts in a wide 
range of chemical reactions.” In particular, the elec- 
trocatalytic activity of cobalt phthalocyanine (CoPC) 
has been exploited for various sensing appli- 
cations.s*‘6 Nafion, a ~~uo~nated sulfonate cation- 
exchange polymer, has been extensively explored as a 
membrane on the surface of voltammetric elec- 
trodes.*,” Nafion films offer effective accumulation of 
hydrophobic cations, as well as exclusion of anions 
from the surface. Such dual-function operation of 
Nafion is coupled in the present work to the electro- 
catalytic function of CoPC. The CoPC/Nafion films 
have better properties than either component alone, 
resulting in several potential-sensing applications. In 
particular, we will demonstrate the analytical advan- 
tages associated with the coupling of the selectivity 
(discriminative) features of Nafion with the sensitivity 
enhancement associated with the electrocatalytic and 
preconcentration functions. The extent of each func- 
tion can be manipulated (by a change in the film 
composition) for specific sensing applications. 

Apparatus 
The flow-injection system has been described elsewhere.’ 

A 204 sample loop and a glassy-carbon thin-layer detector 
(Model TL-5, Bioanalytical Systems) were used. An 

18% Mil.24 
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Ag/AgCl reference was used in all experiments. The auxil- 
iary electrode was either a platinum wire or a stainless-steel 
tube (for static and flow experiments, respectively). Cyclic 
voltamperograms were obtained with an EG & G PAR 
Model 264A voltammetric analyzer and a Houston Instru- 
ment X-Y recorder. A 3-mm diameter glassy-carbon disk 
(Bioanalytical Systems Model MF2012) was used, together 
with a Bioanalytical Systems Model VC-2 electrochemical 
cell. Some experiments used a rotating disk electrode 
(Model DDI 15, Pine Instruments) and a SO-ml glass cell. 
A removable end-piece, made of a ‘Plexiglas’ sleeve and a 
3-mm diameter glassy-carbon disk, was machined to form 
an interface with the rotating shaft. 

Reagents 

All solutions were prepared with doubly distilled water. 
Cobalt phthalocyanine, oxalic acid (Kodak), cellulose ace- 
tate (Aldrich), hydrazine sulfate, ascorbic acid (Baker), and 
dopamine (Sigma) were used without further purification. 
Hydrogen peroxide (H,O,, 27.5%) was purchased from 
Hydrox Chemical Co. A 5% solution of Nafion (1100 EW) 
was obtained from Solution Technology. A 0.05M phos- 
phate buffer (PH 7.4) was used as supporting electrolyte and 
carrier solution in most experiments, but in some a pH-5.0 
phosphate buffer solution was used. 

Electrode coating procedures 

The CoPC/Nafion solutions were prepared by mixing 
different volumes of the Nafion and CoPC solutions and 
sonicating the mixtures for 5 min. The CoPC solution was 
made by dissolving 1 mg of CoPC in 10 ml of acetone and 
stirring-for 10 min. “Mixed” coating compositions ranging 
from 16/84 to 37.5/62.5% v/v Nafion/CoPC were emnloved. 
Fresh “mixed” sohrtions were prepared every second day. 
Prior to coating, the glassy-carbon electrode was polished 
with 0.05qm alumina particles, sonicated for 4 min, and 
allowed to dry in air. The electrode was coated with 5 ~1 of 
the CoPC/Nafion solution, placed to cover the active disk 
and its surroundings, and the solvents were then allowed to 
evaporate. Plain CoPC-coated electrodes were prepared by 
syringing 10 pl of a CoPC solution (in sulfuric acid) onto 
the electrode; after 3 min the electrode was rinsed with 
doubly distilled water and the surface was allowed to dry. 
This CoPC solution was prepared by dissolving 1.2 mg of 
CoPC in 20 ml of concentrated sulfuric acid and stirrina for 
50 min. 

RESULTS AND DISCUSSION 

Transport, loading and catalytic properties 

The new CoPC/Nafion coating exhibits electro- 
catalytic, preconcentration and permselectivity prop- 
erties simultaneously. Such multifunctional character 
is illustrated in Figs. 1-3. Voltamperograms for a 
solution containing hydrogen peroxide and ascorbic 
acid are used in Fig. 1 to illustrate the electrocatalytic 
and discriminative features. The CoPC-coated elec- 
trode exhibits a substantial lowering of the over- 
voltage for both compounds (compare curves a and 
b for the bare and CoPC-coated electrodes, re- 
spectively). The mixed CoPC/Nafion coating (curve 
c) excludes the ascorbate anion from the surface, 
while maintaining the catalytic response to hydrogen 
peroxide. The Nafion component of the film therefore 
allows differentiation between solutes undergoing 
electrocatalysis at the CoPC component. The bio- 
analytical utility of such permselective/electro- 
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Fig. 1. Cyclic voltamperograms for a solution containing 
2 x 10w4M ascorbic acid and 1 x IO-‘M hydrogen peroxide, 
recorded at bare (a), CoPC-coated (b) and CoPC/Nafion 
(84/16% v/v) coated (c) glassy-carbon electrodes. Support- 
ing elecrolyte, 0.05M phosphate buffer (pH 7.4); scan-rate 

100 mV/sec. 

catalytic behavior is obvious. As will be shown below, 
amperometric detection of hydrogen peroxide, which 
suffers from severe ascorbate interference at a CoPC- 
modified electrode, can proceed without interference 
at the mixed CoPC/Nafion coated electrode. 

Another example of differentiation between solutes 
undergoing electrocatalysis at CoPC films is illus- 
trated in Fig. 2. Baldwin and co-workers have dem- 
onstrated the ability of CoPC-modified electrodes to 
yield a substantial lowering of the overvoltage for the 
oxidation of hydrazine” and oxalic acid.5 However, 
because of an overlapping response, it is not possible 
to measure hydrazine selectively in the presence of 
oxalic acid [voltamperogam A(b)]. The charge- 
exclusion feature of the CoPC/Nafion film results in 
effective rejection of oxalate from the surface [volt- 
amperogram B(a)], hence allowing selective mea- 
surement of hydrazine [voltamperogram B(b)]. Note 
also that the mixed coating exhibits an enhanced 
catalytic activity toward hydrazine (compare curves 

b). 
The ability of CoPC/Nafion coatings to incorpo- 

rate hydrophobic cations and simultaneously to en- 
hance the electron-transfer kinetics of other solutes is 
illustrated in Fig. 3. As with Nafion films alone, 
dopamine can be readily accumulated and retained 
at the CoPC/Nafion coating [compare (b) and (a)-- 
with and without preconcentration, respectively]. A 
subsequent addition of hydrogen peroxide [volt- 
amperogram (c)] resulted in the characteristic electro- 
catalytic response; the ability to incorporate 
dopamine was not effected. 
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Fig. 2. Cyclic voltammetric response at the plain CoPC (A) 
and CoFWNation (B) coated electrodes. (a) Response for 
2 x lO-“M oxalic kid; (b) as (a) but a&er addition of 
2 x 10e4M hydrazine. Supporting electrolyte, 0.05~44 phos- 

phate buffer (PH 5.0); scan-rate 100 mV/sec. 

The design of mixed electrode films for electro- 
analytical applications requires a good understanding 
of the way in which they function. Rotating disk and 
cyclic voltammetry experiments have offered useful 
information on the preconcentration, catalytic, and 
‘prmselectivity functions of CoPC/Nafion films. For 
example, the cation-exchange binding properties of 
different film compositions were evaluated for the 
incorporation of dopamine. Figure 4 shows cyclic 
voltamperograms recorded with the electrode in pure 
supporting electrolyte after immersion for 20 min in a 
stirred 1 x 10e4M dopamine solution (the immersion 
period ensured that equilibrium was reached). As 
expected from the increased binding capacity of the 
electrode, the amount of dopamine partitioned is 
strongly affected by the film composition. Notice also 
the shift in the dopamine oxidation peak potential 
(from 0.17 to 0.42 V) upon increasing the Nafion 
content in the coating. Integration of the oxidation 
currents (Fig. 4) was used to calculate the quantity of 
dopamine incorporated at different film com- 
positions, with the results in Table 1. The quantity of 
dopamine incorporated ranges from 2.7 x lo-” to 
4.6 x 10v9 mole/cm2 for Nafion contents of 16 and 
37.5% v/v respectively. The 37.5% Nafion system 
yielded an ion-exchange binding capacity similar to 
that of a plain Nafion coating (4.6 x 10e9 mole/cm*). 

Figure 5 shows current-potential curves for the 
oxidation of hydrazine at a glassy-carbon rotating- 

disk electrode coated with different film com- 
positions. These data indicate that the electrocatalytic 
function of the film increased with the CoPC content 
(limiting currents of 13.8, 17.8 and 24.6 PA for the 
62.5, 75 and 84% CoPC films, respectively). The 
hydrazine limiting current increased linearly with the 
square root of the electrode rotation speed over the 
range O-3600 rpm (slope 48 nA. rpm-(“*), correlation 
coefficient, 0.995; 84% CoPC). However, the re- 
sulting plot exhibited a large (6.2 PA) intercept, and 
the corresponding Koutecky-Levich plot (l/i U.S. 
l/h) was not linear. The linear portion of this plot 
(over the 400-1600 rpm range), which reflects condi- 
tions of mass-transport control, had an intercept 
(0.111 PA-‘) corresponding to transport through the 
film. These rotating-disk experiments indicate the 
participation of various processes in the control of 
the overall rate of the electrocatalytic reaction, as 
expected for an irreversible mediation reaction.19 
(Accurate analysis in terms of theoretical models is 
not possible, because such models assume homoge- 
neous structures’?. Cyclic voltammetric data for 
2 x 10e4M hydra&e, obtained with different film 
compositions, are given in Table 2. The various 
coatings exhibit significant (N 300 mV) lowering of 
the overvoltage, compared with the unmodified elec- 
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a 

I I I 

1.0 0.5 0 

Potential (V) 

Fig. 3. Cyclic voltammetric response of the CoPC/N&on 
(75/25% v/v) coated electrode. (a) Response for 5 x lo-$M 
dopamine, (b) as (a) but following 5 min accumulation (with 
400 rpm stirring at open-circuit), (c) as for (b) but after 
addition of 2 x IO-‘&f hydrogen peroxide. Scan-rate and 

electrolyte as for Fig. 1. 
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Fig. 4. Effect of film composition on the electrostatic uptake 
of dopamine. Cyclic voltamperograms for 1 x 10m4M do- 
pamine following 20-min accumulation. Nafion content (% 
v/v): (a) 16; (b) 25; (c) 37.5; (d) 100. The accumulation step 
was followed by transfer of the electrode to a blank 
(phosphate buffer) solution, for recording of the volt- 

amperogram. 

trode. Relatively small changes in the peak potential 
and current are observed upon changing the film 
composition. 

Analytical utility 

Amperometric detection in flow-injection systems 
was used to illustrate the practical analytical utility of 
the CoPC/Nafion coatings. Figure 6 compares the 
flow-injection response peaks for 5 x lo-‘M hy- 
drazine obtained at the ordinary electrode (a), and 
electrodes coated with CoPC (b) and CoPC/Nafion 
(c). Several points are to be noted from these data. 
First, the electrocatalytic behavior of the mixed coat- 
ing is similar to that of the plain CoPC film; the 
signals from the coated electrodes are about 9 times 

Table 1. Effect of composition of 
CoPC/Nafion coatings on the in- 

corporation of dopamine* 

Nafion 
content, 
% v/v Q, PC F, mole/cm’ 

16 2.7 x lo-‘O 
25 1::; 12.8 x lo-lo 
37.5 61.7 46.9 x lo-‘O 

100 60.2 45.7 x 10-‘O 

*Conditions as in Fig. 4. 
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Fig. 5. Current-potential curves for the oxidation of 
4 x 10m4M hydraxine at CoPC/Nafion coated rotating-disk 
electrodes. Nafion content (% v/v): (a) 16; (b) 25; (c) 37.5. 
Supporting electrolyte, 0.05M phosphate buffer @H 7.4); 

scan-rate 5 mV/sec. 

Table 2. Cyclic voltammetric data for hydrazine* 

Electrode Ep> V ir. ~4 

Bare f0.79 6.8 
16184% (v/v) Nafion/CoPC +0.42 8.2 
27175% (v/v) Nafion/CoPC +0.47 7.8 
37.5/62.5% (v/v) Nafion/CoPC +0.51 7.9 

*2 x lo-‘M hydraxine in 0.05M phosphate buffer @H 7.4); 
scan-rate 100 mV/sec. 

as large as those from the unmodified electrode. 
Second, the CoPC/Nafion-coated electrode rapidly 
responds to the dynamic changes in the analyte 
concentration that characterize flow-injection sys- 
tems; the peak shapes are similar to those obtained 
with the bare and CoPC-coated electrodes (with fast 
increase and decrease of the current). 
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Fig. 6. Flow-injection peaks for 5 x 10W5M hydraxine at the 
bare (a), CoPC(b) and CoPC/Nafion (75/25% v/v) (c) 
electrodes. Applied potential +0.45 V; supporting electro- 

lyte, phosphate buffer (pH 7.4); flow-rate 1 ml/min. 
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Fig. 7. Flow-injection peaks for oxalic acid solutions containing increasing hydrogen peroxide concen- 
trations, at the Co~/Nafion (84/16% v/v) (A) and CoPC (B) coaled electrodes: I x IO-‘&f oxalic acid; 
(&I), as for (a) but after successive additions of 2 x IOe4M hydrogen peroxide. Applied potential, +0.80 

V: other conditions as for Fig. 6. 

The electrocatalytic function of CoPC-coated elec- 
trodes has been shown before,5*16 but the multi- 
functional character of the CoPC/Nafion coatings 
offers additional advantages for analytical sensing, 
particularly in flow-injection measurements. For ex- 
ample, the CoPC films can differentiate between 
compounds undergoing electrocatalysis, on the basis 
of their characteristic charge. Such dual-function 
operation is illustrated in Figs. 7 and 8. With the 
plain CoPC film (B), an additive response is observed 
for mixtures of solutes. Hence, selective detection of 
hydrogen peroxide or hydrazine in the presence of 
oxalic acid and ascorbic acid, respectively, is not 
feasible. In contrast, the CoPC/Nafion film (A) 
effectively excludes the acid anions from the surface, 
thus allowing convenient meas~ement of hydrogen 
peroxide and hydrazine. Such behavior is in accord- 
ance with the cyclic voltammetric behavior described 

A 

I 200 nA 

I I 

earlier (Figs. 1 and 2). The data in Figs. 7 and 8 
demonstrate that CoPC/Nafion-coated electrodes 
greatly enhance the selectivity of how-inj~tion mea- 
surements, while maintaining the improved sensi- 
tivity of electrocatalytic surfaces. Detection limits of 
1.2 x IO-‘M hydrogen peroxide and 9 x 10d6M hy 
drazine (Le., 7.2 and 5.7 ng, respectively, in the 20-4 
sample) can be estimated from the signal-to-noise 
characteristics (S/N = 3) of the peaks shown in Figs. 
7 and 8 [A(b)]. 

The concentration dependence of the CoPC/ 
Nafion-coated detector signal was evaluated by using 
five successive injections of hydrazine solutions of 
increasing concentration, l-5 x lo-‘M(conditions as 
in Fig. 8). The peak height increased linearly with the 
concentration; the slope of the resulting calibmtion 
plot corresponded to a sensitivity of 2.06 
nA. 1. p mole-’ (correlation coefficient 0.996). 
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mu - 2 min 
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d c b old c 
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Fig. 8. Flow-injection peaks for ascorbic acid solutions containing increasing hydra&e concentrations, 
at the CoPC/Nafion (84/16% v/v) (A) and CoPC (B) coated electrodes: (a) 1 x 10T4M ascorbic acid; (b-d) 
as for (a) but after successive additions of 1 x IOe4M hydrazine. Applied potential, +0.70 V; other 

conditions as for Fig. 6. 
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We also explored the utility of CoPC/Nafion coat- 
ings for minimizing electrode fouling caused by 
adsorption of surface-active compounds. Un- 
fortunately, the catalyst was not protected against 
gelatin and albumin. The extent of electrode poi- 
soning was similar to that observed for plain CoPC- 
coated electrodes. improved stability in the presence 
of such surfactants can be achieved, however, by 
incorporating cobalt phthalocyanine into cellulose 
acetate films.20 Finally, differentiation between sol- 
utes undergoing catalysis at CoPC films was also 
obtained with a bilayer co~guration (with the 
Nafion film on top of the catalytic layer). Such a 
configuration allowed, for example, the selective 
flow-injection detection of 1 x 10d4M hydrazine in 
the presence of 2 x 10m4M ascorbic acid at an applied 
potential of +0.8 V. 

In conclusion, this study has demonstrate that 
CoPC/Nafion electrode coatings can enhance the 
power of electrochemical sensors. Significant advan- 
tages have been achieved by combining the electro- 
catalytic function of CoPC with the charge-exclusion 
and preconcentration features of Nafion. Such func- 
tions are qualitatively similar to those observed for 
electrodes coated with the individual compounds. 
Considering the potential of multifunctional coat- 
ings, other heterogeneous microstructures are envis- 
aged. It is clear that the versatility of tailoring 
electrode surfaces can benefit electroanalytical mea- 
surements in many practical situations. Work along 
these lines is in progress in this laboratory. 
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Summary-Reduction of pertechnetate [99”‘TcO;] by controlled-potential coulometry in the presence of 
I-hydroxy-i.l-ethaneddiphosphonate (HEDP) leads to the formation of %Tc complexes which are suitable 
for bone imaging. The complex radiopharma~utical mixtures can be separated into their respective 
components by anion-exchange high-~rfo~ance liquid chromato~aphy. The distribution of the 
complexes in the mixtures is dependent on the cell potential, pH, technetium concentration, and presence 
or absence of air. A single component formed in high yield and isolated from the mixture by HPLC was 
investigated as a potential bone-imaging agent. This particular complex is produced only in low yields 
when prepared by chemical reduction of *TcG; . Thus electrochemistry shows promise in aiding in the 
development of a more efficacious bone-imaging agent by allowing selective generation of individual 
%Tc-HEDP complexes. 

Radiopharmaceuticals for skeletal imaging are pre- 
pared by the reduction of ““TcO; in the presence of 
a diphosphonate ligand (Fig. 1) such as 
1 -hydroxy-1 ,I -ethanediphosphonate (HEDP) and 
methylenediphosphonate (MDP). The resulting 
99mTc-diphosphonate complexes are injected into the 
bloodstream of the patient. The affinity of the di- 
phosphonate ligand for calcium causes some of the 
radioisotope to be retained by the bone, which en- 
ables an image of the skeleton to be obtained with a 
gamma camera.’ This procedure is commonly used 
for the detection of skeletal disorders, especially 
metastatic bone cancer.* 

The chemistry involved in the formulation of di- 
phosphonate radiopharmaceuticals is complicated 
and can lead to the formation of mixtures that 
contain numerous Tc-diphosphonate complexes. The 
development of separation procedures such as anion- 
exchange,3 gel-permeation,4 and reversed phase 
chromatography5 has enabled some aspects of the 
formulation chemistry to be investigated. For exam- 
ple, we have shown that the yields of different 
complexes in a fo~ulation are highly dependent on 
the following conditions: reaction pH, nature of the 
reductant, presence or absence of oxygen, ligand-to- 
metal ratio, and the time elapsed after formulation. 

*HEDP is l-hydroxy-i,l-e~anediphosphonate. 
tPresent address: Department of Chemistry, Mary Wash- 

ington College, Fredricksburg, VA 22401, U.S.A. 
BPresent address: The Procter and Gamble Co., Cincinnati, 

OH 45241, U.S.A. 
SAuthor for correspondence. 

This has been demonstrated for HEDP,6 MDP,’ 
dimethylaminomethylenediphosphonate (DMAD),* 
and 2,3-dicarboxypropane- 1,l Siiphosphonate (DPD)” 
(Fig. I). Separation of a radiopha~a~utical mixture 
into its component complexes enables the skeletal 
imaging properties of each component to be evalu- 
ated. Biological distribution data and skeletal images 
obtained for HPLC-isolated Tc-complexes in rats 
show that the different complexes exhibit a wide 
range of imaging characte~stics.‘O,‘~ Consequently, 
the quality of skeletal images can be dramatically 
influenced by adjusting the formulation conditions to 
produce a single complex, or a narrow range of 
complexes, with optimal imaging properties. 

The nature of the reductant in the formulation 
chemistry is one of the factors that we have been 

HO-8-!-L” q &I 

r&P 

HC#+OH 
a4 

H 

DMAD DPD 

Fig. 1. Structures of the acid forms of the diphosphonate 
ligands. 
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studying. Since Tc can exist in several different 
oxidation states in the diphosphonate complexes, the 
reduction potential of the reductant might be ex- 
pected to affect the composition of the radio- 
pharmaceutical preparation. Electrolytically pre- 
pared 99mT~-MDP complexes were investigated by 
Savelkoul et a1.‘2 and found to have reasonable 
uptake by bone but less than 99mTc-MDP formu- 
lations prepared by reduction with tin(II), which may 
contain mixed-metal Tc/Sn complexes. The effect of 
the reduction method on the composition of HEDP 
complexes was reported by de Groot et aLI who 
found that the type of reduction affects the complexes 
which are formed. The complexes formed by sodium 
tetrahydroborate and electrolysis probably have the 
same stoichiometric composition but differ in charge 
on the complex. The complexes formed by reduction 
with tin(H) are completely different and cannot be 
correlated with the complexes formed by sodium 
tetrahydroborate and electrolytic reduction. 

Since electrochemical reduction provides a facile 
means of varying the redox potential by simply 
changing the cell potential, we have begun a study of 
the electrochemical generation of 99mTc- 

diphosphonate radiopharmaceuticals. The principal 
objective of this work is to determine whether a 
judicious choice of reduction potential can be used to 
give high yields of Tcdiphosphonate complexes with 
optimum imaging properties. Our initial results on 
the formation of Tc-HEDP complexes by reduction 
at a mercury electrode showed a significant effect of 
reduction potential on the distribution of the com- 
plexes in the formulation. I4 This observation has also 
been reported by others. ls In this paper we present a 
detailed analysis of the effects of reduction potential 
and other formulation variables on the number and 
distribution of Tc-HEDP complexes formed by re- 
duction at mercury and carbon electrodes. 

EXPERIMENTAL 

Reagents 

Distilled water was further purified with a NANOpure 
ion-exchange svstem (SvbroniBarnstead. Boston, MA). Un- 
less otherwyse -noted,‘ ah chemicals were of reagent grade. 
I-Hydroxy-l,l-ethanediphosphonate, disodium salt, 
(Na,H,HEDP) was generously provided by the Procter and 
Gamble Company (Cincinnati, OH). K%TcO, was prepared 
from NH,99Tc0, (Oak Ridge National Laboratories, Oak 
Ridge, TN) by metathesis with potassium hydroxide and 
was purified by several crystallizations from warm water. 
““TcO; was obtained by elution from commercially avail- 
able “Mo/%Tc generators (Cintichem/Union Carbide 
Corp., Tuxedo, NY) with 0.9% aqueous sodium chloride 
solution provided by the manufacturer. These elutions were 
performed by the staff of the Eugene L. Saenger Radio- 
isotope Laboratory, University Hospital, Cincinnati, OH. 
L-Ascorbic acid was obtained from MCB Manufacturing 
(Cincinnati, OH). Instrument-grade mercury (Bethlehem 
Apparatus Company, Hellertown, PA) was passed through 
a pinhole before use. 

Apparatus 

Electrochemistry. Coulometric experiments were per- 
formed at either a mercury pool electrode or a reticulated 

vitreous carbon (RVC, 30 pores per linear inch) electrode. 
The electrochemical cell used for coulometry at a mercury 
pool electrode has been described.‘4 The same cell was used 
for cyclic voltammetry with a drop of mercury suspended 
from a gold button previously amalgamated with mercury. 
RVC electrodes were made by cutting a disk approximately 
0.75 in. in diameter and 0.2 in. thick from RVC material and 
cementing it to a wire with conductive silver paint and then 
epoxy resin. The cell used for coulometry at the RVC 
electrode consisted of a standard BAS electrochemical cell 
with a cap. A calomel electrode with saturated sodium 
chloride filler solution (SSCE) was used as the reference 
electrode. Its potential relative to a standard saturated 
potassium chloride SCE was measured with a Fisher Accu- 
met pH-meter/voltmeter, as O.m.7 mV. The auxiliary 
electrode used for the coulometry experiments was a small 
piece of platinum foil fixed to the end of a piece of 22-gauge 
platinum wire. The electrode was platinized, fixed to a 
rubber cap, and isolated from the solution by a sodium 
chloride salt bridge. A bare unisolated platinum wire was 
used for the cyclic voltammetry experiments. 

Cyclic voltammetry was performed with an EC 225 
Electrochemical Analyzer (IBM Instruments, Inc., Dan- 
bury, CT) and an Omnigraphic 199 X-Y recorder (Houston 
Instruments, Austin, TX). Coulometry was performed with 
a model 173 Potentiostat/Galvanostat (Princeton Applied 
Research Corp., Princeton, NJ). 

HPLC. The HPLC system was an LC-304 (Bioanalytical 
Systems, Inc., West Lafayette, IN). A detailed description of 
this chromatograph has been published.is The mobile phase 
was 0.85M aqueous sodium acetate filtered through a 
0.2~pm GA-8 filter (Gelman Sciences, Inc., Ann Arbor, MI). 
Dissolved oxygen was removed by heating at 100” for I hr 
under argon. The solution was then maintained at 45” under 
argon, Stainless-steel tubing was used throughout the HPLC 
apparatus to maintain an oxygen-free environment. The 
flow-rate was 0.2 ml/min. A guard column (7.0 x 2. I mm) 
was filled with AE-pellionex anion-exchange resin (Cat. No. 
4161-010, Whatman Chemical Separations, Inc., Clifton, 
NJ) for the purpose of removina unreacted TcO;. (Note: 
this material has-been discontinued by the manufadurer and 
is not the material currently supplied in anion-exchange 
guard column kits available through Whatman, Inc.) The 
analytical column (250 x 4.0 mm) was packed with Aminex 
A27, an anion-exchange resin consisting of a quatemary 
ammonium substituted styrenedivinylbenzene copolymer 
(Bio-Rad Laboratories, Rockville Centre, NY). 

Procedures 

Electrochemically reduced Tc-HEDP mixtures were pre- 
pared as follows. Na,H,HEDP (30mg) and ascorbic acid 
(30 mg) were weighed into a IO-ml beaker, and 2.00 ml of 
0.85M sodium acetate were added. Nitrogen or argon was 
bubbled through the solution both to deoxygenate the 
solution and aid in the dissolution process. Once this was 
complete, the pH was adjusted with either 6h4 hydrochloric 
acid or 6M sodium hydroxide. The solution was then 
transferred to the electrochemical cell, which had been 
previously prepared by addition of 2.0 ml of mercury and a 
magnetic microstirrer bar. Fresh mercury was used for each 
preparation. In the “carrier added” preparations, 0.20 ml of 
a 35mM K*TcO, stock solution was added, and in all cases, 
approximately 5 mCi of %TcO; solution were added 
before the cell cap and electrodes were positioned. The final 
assembly IS shown m Fig. 1 of reference 14. Since metallic 
mercury will itself spontaneously reduce pertechnetate, the 
technetium solution was added last, and the potential was 
immediately applied to the cell. With the electrodes in place, 
the nitrogen or argon stream was directed into the electro- 
chemical cell. In the “no carrier added” preparations, the 
reduction time was IO min, but for the “carrier added” 
preparations it was increased to 20 min or until a stable 
residual current was achieved. “Carrier added” preparations 
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were subsequently filtered through a 0.2 pm syringe filter 
(Gelman Sciences, Ann Arbor, MI) and 20 ~1 aliquots were 
injected into the HPLC system. 

This procedure was modified slightly for coulometry at 
the WC electrode: 60 mg each of Na,H,HEDP and _ _ 
ascorbic acid were weighed into the electrochemical cell and 
4.00 ml of 0.85M sodium acetate were added. No pH 
adjustments were made. The nature of the RVC matrix 
causes it to trap air bubbles, which must be dislodged by 
slight agitation. Since the RVC material is fragile, a stirrer 
bar was not used. Instead, electrolysis was allowed to 
continue for 1 hr, after which the monitored current had 
decayed to a stable residual level. 

Biological distribution 

A biological distribution study was conducted on the 
radiopharmaceutical preparation electrochemically gener- 
ated at - 1.200 V and pH 7.0, 1.5 ml of the preparation were 
diluted to 5.0 ml with 0.05M sodium phosphate buffer, 
pH 7.4, to yield a physiologically compatible solution 
of 0.15M ionic strength. The biodistribution study em- 
ployed 14 female Sprague-Dawley rats weighing between 
175 and 200 g. Each rat was anesthetized and 0.2 ml of 
the diluted electrochemically reduced technetium-HEDP 
[ppmTc(EC)HEDP] mixture containing 80 f 2 PCi of %Tc 
was injected into its jugular vein. Seven animals were killed 
after I .5 hr and another seven after 3.0 hr, by asphyxiation 
with carbon dioxide. Samples of blood, liver, femur muscle, 
heart, kidney and femur were excised and rinsed (except the 
blood) with saline. These samples were weighed and assayed 
for %Tc by y-ray scintillation counting (Model 1185 Auto- 
matic Gamma System, Searle Analytic Inc.), with counting 
standards prepared from the initial injection mixture. 

Skeletal imaging 

Skeletal imaging studies were performed with 2 female 
Sprague-Dawley rats. The electrogenerated mixture and 
HPLC-isolated component c (see below) were each diluted 
with O.O%%f nhosnhate buffer. DH 7.4. to aive a nhvs- 
iologically compatible ionic strength of 0: 15MyThe animals 
were injected as described above. One animal was killed 
after 1.5 hr and the other after 3.0 hr and their posterior 
skeletal images were recorded by obtaining 100,000 counts 
on an Ohio Nuclear Series -100 radioisotope. camera 
equipped with a high-resolution collimator. 

Fig. 2. 

pH 45 

Rl?.SULTS AND DISCUSSION 

The potential required for reduction of TcO; in a 
radiopharmaceutical reaction mixture was deter- 
mined by cyclic voltammetry at a hanging mercury 
drop electrode. Current-voltage curves were recorded 
for solutions containing HEDP, ascorbic acid, and 
sodium acetate at various pH values. An initial 
current-voltage curve was recorded for this solution 
with no pertechnetate added, and no reduction wave 
was observed. After the addition of pertechnetate, the 
experiment was repeated and a second curve recorded 
(Fig. 2). An irreversible reduction wave for TcO; was 
found, with peak potential at approximately -0.6 V 
us. SSCE. This reduction potential was pH- 
dependent, as depicted in Fig. 3. There was also a 
positive shift in the negative limit, caused by hydro- 
gen evolution. Only the first scan for pertechnetate 
reduction is shown in Fig. 2, since in the second scan 
the hydrogen wave shifted even further in the positive 
direction and the TcO; wave became obscured. This 
large shift in the hydrogen wave is evidence that some 
form of the reduced technetium species is absorbed 
on the mercury electrode surface, altering its hydro- 
gen overvoltage. This phenomenon has been reported 
before” and is one of the complicating features of 
technetium electrochemistry. 

The reduction potentials for controlled-potential 
coulometry were chosen from the cyclic current- 
voltage curve in Fig. 2 and ranged from -800 to 
- 1500 mV. Figure 4 shows the current-time re- 
sponse during the coulometric reduction of per- 
technetate at -900 mV us. SSCE. After the initial 
charging-current spike, a precipitous drop is 
recorded, followed by a current increase. This behav- 
ior is further evidence for complex surface effects 
occurring at the mercury electrode. After a 2 min 

I I I 1 I 

-0.9 -0.9 -1.0 -1.2 -1.5 
E(V) vs. SCE 

Cyclic current-voltage curves for supporting electrolyte (0.85M sodium acetate, 67mM HEDP, 
85mM ascorbic acid) and 1 .OmM TcO; in supporting electrolyte; pH 4.5. 
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Fig. 3. Cyclic current-voltage curve for supporting electro- 
lyte (same as for Fig. 2) and I.OmM TcO; in supporting 
electrolyte at pH values of (A) 4.5, (B) 5.6, (C) 7.0 and (D) 

9.0. 

electrolysis, the curve begins to follow the (time)“*- 
dependent exponential decay associated with 
controlled-potential electrolysis. 

The Tc-HEDP radiopharmaceuticals prepared by 
coulometry were analyzed by HPLC to determine the 
number and distribution of Tc-HEDP complexes. 
Previous work on chemically reduced formulations 
has shown that the reaction conditions can strongly 
influence the distribution of the components6,’ Chro- 
matograms of “no carrier added” preparations, at 
pH 4.5, are shown in Fig. 5. Analyses were conducted 
for each coulometry experiment performed, at each 
applied potential. These analyses led to a number of 
observations. (i) Six major Tc-HEDP components 
can be identified on the basis of chromatographic 
retention time. (ii) These 6 components have been 
observed in previous studies on NaBH,-reduced 
preparations of Tc-HEDP.~,~ Apparently, electro- 

pH 4.5 

NO CARRIER ADDED 

- 1.0 

-1.6 

E IV1 
VS.SCE 

a 
C I 

f 3tI cl 

c f 

L 

IO 20 30 40 
Time (min) 

Fig. 5. HPLC of “no carrier added” %Tc-HEDP mixtures 
prepared by coulometric reduction of *TcO; at various 
reduction potentials. Conditions: Gamma-ray detection at 

140 keV, 0.2 ml/min flow-rate, ambient temperature. 

I R Q -1.200 V vs SCE 
CARRIER ADDED 

43 

5 10 15 20 25 30 

Time (min) 

Fig. 4. Current-time response for coulometric reduction of 
TcO; at -0.900 V us. SSCE. Same conditions as for Fig. 2. 

10 20 30 40 

Time (mln) 

50 60 

Fig. 6. HPLC of “carrier added” *“Tc-HEDP mixtures 
prepared by coulometric reduction of TcO; at - 1.200 V 

and various pH values. Conditions as for Fig. 5. 
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VLSCE 
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Time (min) 

Fig. I. HPLC of “carrier added” *“Tc-HEDP mixtures 
prepared by coulometric reduction of TcOi at pH 4.5 and 

various reduction potentials. Conditions as for Fig. 5. 

chemical reduction generates no species that are 
different from those obtained by chemical reduction 
with sodium tetrahydroborate. (iii) The applied po- 
tential has a significant effect on the distribution of 
Tc among the six complexes. At -0.800 V only 
complexes g and i are present. Shifting the potential 
(towards the hydrogen wave) to - 0.900, - 1 .OOO and 
- 1.200 V causes the predominant species to become 
componentfinstead of component g. (io) Shifting the 
potential to - 1.5 V results in substantial evolution of 
hydrogen from the mercury electrode. Complex f is 
still a major component, in addition to a, c and d. 
Little of component g, which was the major com- 
ponent at -0.800 V, is detectable in the mixture 
prepared at - 1.5 V. 

The distribution of electrochemically generated 
Tc-HEDP components is also strongly influenced by 
the solution pH, as is the distribution of chemically 
reduced Tc-diphosphonate components.6,7 Figure 6 
shows the chromatograms of “carrier added” formu- 
lations prepared at a reduction potential of - 1.200 V 
and various solution pH values. As the pH of the 
solution is increased, there is an increase in the 
number of components formed. This trend has also 
been observed in some chemically reduced “carrier 
added” preparations.’ By careful selection of the 
reduction potential and solution pH, the yield of a 

particular component in the complex mixtures can be 
controlled. 

Another variable which affects the distribution of 
components in chemically reduced Tc-diphos- 
phonate formulations is the concentration of tech- 
netium.“’ Figures 7 and 8 illustrate the effect of 
varying the reduction potential for preparing a “car- 
rier added” Tc-HEDP mixture at pH 4.5 and 7.0, 
respectively. Under acidic conditions, only one major 
species is formed at all reduction potentials, with a 
small amount of a late-eluting component formed at 
the most negative potentials. Under neutral and basic 
conditions, at reduction potentials of -0.800 and 
-0.900 V, the “carrier added” preparations have 
only a small number of components. As the reduction 
potential is reduced, there is an increase in the 
number of components formed. Figures 5 and 9 show 
the effects of reduction potential on the composition 
of “no carrier added” Tc-HEDP mixtures prepared 
at pH 4.5 and 9.0, respectively. Under both acidic and 
basic conditions, as the reduction potential is re- 
duced, there is an increase in the number of com- 
ponents formed. At higher pH values, only one or 
two species predominate. From the chromatograms 
illustrated in Figs. 5-9, it can be. seen that the com- 
position of electrochemically generated Tc-HEDP 
mixtures depends strongly on the reduction potential, 
pH and concentration of technetium. 

pH 7.0 

-0.0 .+lfJL_- 
-1.0 

-1.2 

-I5 JJ 
E (VI 

n. SCE 

b 0.. . . . . . 1.. w. 
10 20 30 40 50 60 

Time (mid 

Fig. 8. HPLC of “carrier added” 99”Tc-HEDP mixtures 
prepared by coulometric reduction of TcO; at pH 7.0 and 

various reduction potentials. Conditions as for Fig. 5. 
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pH 9.0 

NO CARRIER ADDED 

-9.9 ______A 

-9.9 r------ 

-1.0 

-1L XC 
-1.5 2 

E (VI 

VSSCE 

0.. . . . . . . 0 

10 20 30 40 

Time (mid 

Fig. 9. HPLC of “no carrier added” 99mTc-HEDP mixtures 
prepared by coulometric reduction of TcO; at pH 9.0 and 

various reduction potentials. Conditions as for Fig. 5. 

One aspect of the mercury pool electrode which 
was investigated was the use of “fresh” and “used” 
mercury pools for the reduction of TcO;, “used” 
meaning that the same mercury was used throughout 
the experiment, and not changed for each reduction. 
It was found that using “fresh” mercury causes the 
formation of two species with retention times of 8 and 
18 min, whereas “used” mercury causes the for- 
mation of only one species, with a retention time of 
8 min. The reduction potential was - I .200 V and the 
pH 5.6. This effect is illustrated in Fig. 10. This result 
supports the previously mentioned indications that 
reduction of pertechnetate modifies the surface of the 
mercury. Modification of electrodes by reduction of 
pertechnetate has been reported by Russell for tetra- 
cycline and EDTA as complexing ligands,16 and by 
Lawson et a/.” and Miller et a1.18 for polyphosphates 
and tripolyphosphates. 

Some experiments were conducted to determine 
whether the nature of the working electrode material 
had an effect on the distribution of the Tc<omplexes 
formed. The RVC electrode was used instead of a 
mercury pool electrode in standard pertechnetate 
reductions at - 1.000 V and pH 5.6. The resulting 
chromatograms are shown in Fig. I I. The results are 
similar to those obtained with the “used” and “fresh” 
mercury electrodes, where the electrode tends to 
produce the early eluting components as its surface 

“LW 

ELECTRODE 

“IED 

E LECTRODE J 
7-m 

16 2b s 3b . 4b * 

Time (mid 

Fig. 10. The effect of “used” and “fresh” Hg on an 
electrochemically reduced %Tc-HEDP mixture prepared 

at - 1.200 V and pH 5.6. 

becomes altered by repetitive pertechnetate reduc- 
tions. By measuring the residual gamma-activity 
present on the electrode following electrolysis, it was 
found that approximately 50% of the available tech- 
netium had been adsorbed on the RVC, after one 

e 

I, I I I I, 1, I, 1 . 

10 20 30 40 50 60 

Time (mid 

Fig. 11. The effect of an RVC electrode on the resulting 
wmTc-HEDP mixture prepared by coulometric reduction at 

- 1.000 V and pH 5.6. 
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Fig. 12. HPLC of “no carrier added” 9”mT~-HEDP mixture 
prepared by coulometric reduction at - 1.200 V and pH 7.0. 

Conditions as for Fig. 5. 

pe~echneiate reduction modifying its surface. From 
the chromatograms in Fig. 1 I, it is apparent that once 
the electrode surface is modified, pertechnetate reduc- 
tion results in the formation of a high yield of 
component c and a small amount of component e. 
Different yields of these species were obtained with 
the mercury pool electrode. The evidence suggests 
that the RVC working electrode does not form any 
new complexes, but maximizes the yields of those 
obtained by mercury pool reduction and chemical 
reduction. 

A preliminary biodistribution study was performed 
on an electrochemically reduced 99mTc-HEDP formu- 
lation to confirm its affinity for bone. The formu- 
lation conditions were “no carrier added”, pH 7.0, 
reduction potential - 1.200 V. Component c was 
isolated from the ra~opha~a~utical mixture giving 
the chromatogram illustrated in Fig. 12, and con- 
tained 58% of the total technetium eluted. Table 1 
presents the biodistribution data. These results are 

ComDonent C 

Table 1. Biological distribution data* for *“Tc-HEDP “no 
carrier added” component c (per cent of initial dose per g 
of sample for rats killed at different times after injection) 

Killed after Killed after 
Sample 1.5 hr 3.0 hr 

Femur 1.44$0.12 1.42 f 0.23 
Kidney 0.35 & 0.03 0.31 + 0.05 
Liver 0.03 & 0.001 0.029 i 0.007 
Blood 0.038 If; 0.003 0.024 i 0.004 
Femur muscle 0.004 + 0.001 0.003 + 0.001 

*Mean f standard deviation of 7 replicates. 

generally typical for a good bone-imaging 
99mTc-diphosphonate radiopharmaceutical. The ab- 
solute uptake by bone is relatively high, whereas the 
uptakes by soft tissue are correspondingly low. More- 
over, the activity clears more rapidly from the soft 
tissues than from bone. Scintillation radiographs of 
rats 3 hr after injection of HPLC-isolated component 
c and the unseparated Tc-HEDP mixture are shown 
in Fig. 13. These images confirm the results of the 
biodistribution study, showing good uptake by bone 
with minimal uptake by soft tissue. Thus, electro- 
chemical reduction provides Tc-HEDP complexes 
which can act as good skeletal-imaging agents. 

CONCLUSIONS 

Several conclusions can be drawn from this work. 
Electrochemical reduction of WmT~O; in the presence 
of HEDP leads to a mixture of 99mTc-HEDP com- 
plexes, which can be separated by HPLC. These 
electrogenerated preparations contain the same com- 
plexes as do chemically reduced preparations. More- 
over, the applied potential used in the electro- 

Mixture 

Fig. 13. intimation radiographs of Sprague-Dawley rats imaged with component c of electrogenerated 
*Tc-HEDP and the unseparated reaction mixture, at 3 hr after intravenous injection. 
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generation is quite effective in controlling the final 
distribution of the products, especially when used in 
concert with choice of solution pH. RVC working 
electrodes offer great promise for producing high 
yields of Tc-diphosphonate complexes, and their use 
would be much more suitable than use of mercury 
electrodes for a clinical setting. Moreover, the use of 
RVC electrodes would guarantee that mixed-metal 
complexes, often seen in Tc-diphosphonate formu- 
lations prepared by reduction with tin(II), could not 
be formed. Finally, the electrochemical reduction of 
pertechnetate in the presence of HEDP, under the 
proper conditions, gives a very high yield of complex 
c, which has been shown to have good uptake by 
bone. This particular complex is produced only in 
low yields when prepared by chemical reduction of 
99mTc0;.3 Thus electrochemistry shows promise in 
aiding in the development of a more efficacious 
bone-imaging agent by allowing selective generation 
of individual %“Tc-HEDP complexes. 
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Summary-The determination of traces of metals by high-performance liquid chromatography of their 
n-butyl-2.naphthylmethyldithiocarbamate complexes, with a fixed-wavelength absorbance detector, is 
described. Metal complexes of this ligand are thermodynamically stable and kinetically inert towards 
dissociation. Various metal complexes, including those of nickel(B), iron(III), mercury(II), ~al~~(III), 
plating, palladium(II), copper( and cobalt(I1) are readily determined. The practical aspects of 
their separation on various nonpolar stationary phase columns are discussed. The detection limits compare 
very favorably with those of atomic spectrometry and are about 0.1 ng or approximately 1OnM. 

The application of high-performance liquid chro- 
matography (HPLC) to the determination of metal 
ions has received a great deal of interest over the past 
decade.l” In particular, the separation of a number 
of dialkyldithi~arb~ate complexes by HPLC has 
been studied extensively. &lo However, this approach 
is limited by both dissociation and decomposition of 
the complexes on the chromatographic column, and 
by differences in the spectroscopic properties of the 
metal complexes. Because of the very signi~~nt 
differences in the wavelength of maximum absorb- 
ance of the most intense bands, it is not possible to 
set a detector to work at a single optimum wave- 
length for more than a few judiciously selected 
metals. Thus, it is not possible to optimize the overall 
performance of the method without using a multi- 
channel spectrometric detector. Furthermore, the dis- 
sociation of metal dithiocarbamate complexes” at 
very low concentration limits their utility for trace 
dete~inations by HPLC unless some of the 
complex-forming reagent is present in the mobile 
phase. Addition of the ligand to the mobile phase has 
several deleterious effects. The baseline noise will 
increase and the reagent can attack the metal com- 
ponents of the ~hromatographic system. 

Earlier, we reportedi on the design, synthesis 
and use of a novel ligand, viz. n-butyl-2-naphthyl- 
methyldithiocarbamate (BNMdtc), that had nearly 
optimal chromatographic and chromogenic proper- 
ties as a precolumn complexing agent for trace metal 
ions. We found that the naphthyl group imparts very 
high absorptivities (>lO” l,mole-‘.cm-‘) to the 

*This work is dedicated to our good friend and colleague, 
Piet Kolthoff, on the anniversary of his ninety-~ftb 
birthday. 

complex, and the combination of the bulky naphthyl 
and butyl groups tends to stabilize the metal com- 
plexes formed with this reagent. Metal complexes of 
this ligand are the~odynami~liy stable and kinetic- 
ally inert even at the 1 x 10-*&f level. However, the 
detection limits were only about l-2 ng with a 
variable-wavelength absorbance detector. To be 
competitive with other analytical methods for trace 
metals such as anodic stripping voltammetry, atomic- 
absorption spectrometry, and neutron-activation 
analysis, detection of sample concentrations as low as 
I x 10-*-l x 10-‘M is required. Although the 
BNMdtc complexes are electrochemically active, we 
found that the high background current and the poor 
repr~u~ibility of the measurement combined to yield 
detection limits which were no better than those 
obtained with a variable-wavelength absorbance de- 
tector. Similar results with diethyldithiocarbamate 
complexes were obtained in other laboratories.‘3.i4 

Improved detection limits should be attainable by 
fluorescence spectrometry, but the BNMdtc com- 
plexes do not fluoresce directly despite the presence 
of the naphthyl group. Fortunately, BNMdtc under- 
goes the photochemical reactions characteristic of 
other dialkyldithiocarbamates.‘~ Its photod~ompo- 
sition product, BNM amine, is very strongly 
fluorescent. Thus, we were able to develop a post- 
column photochemical detector for detection of 
BNMdtc complexes. I6 Detection of metal ions at the 
10-*M level is possible. Mofe recently, this limit of 
detection has been achieved by the simple expedient 
of using a fixed-wavelength (229 nm) absorbance 
detector. This results because all BNMdtc complexes 
have maximal absorbances at 221 nm and 
fixed-wavelength detectors have quite low noise 
(absorbance <2 x 10m5). 

293 
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Reagents 

EXPERIMENTAL 

All chromatoaranhic mobile phases used here were 
prepared from HPLC grade solvents (MCB Reagents, 
Gibbstown. NJ. or Mallinckrodt, Inc.. St. Louis, MO) and 
filtered through 0.45 pm filters (Mill&ore Corp., Bedford, 
MA) to remove particulate matter before use. Solvents were 
degassed by sonication under vacuum prior to mixing. 
HPLC grade water was prepared from doubly-demineral- 
ized water which had been filtered through a 0.45 pm HA 
type filter (Millipore). 
-‘Buffer solutions were prepared from analytical reagent 

arade Tris hvdrochloride (Siama Chemical Co.. St. Louis, 
MO), and filtered through 645 pm nylon filters prior to use. 
Solutions of IOOmM metal nitrates were prepared from 
reagent grade salts and acidified with dilute nitric acid to 
prevent hydrolysis. Zinc butylnaphthylmethyldithiocarba- 
mate, Zn(BNMdtc),, used as the chelating agent, was 
prepared in the laboratory.” 

Apparatus 

All chromatography was performed with a modular 
system consisting of the following components: an Altex 
pump, Model 1lOA (Beckman Instrument Inc., Fullerton, 
CA), a Rheodyne 7125 bypass valve fitted with an injection 
port (Rheodyne, Inc., Cotate, CA), a Waters Radial Com- 
pression Module (Waters Associates, Inc., Milford, MA), a 
Laboratory Data Control UV-1203 detector fitted with a 
229 nm conversion kit (Laboratory Data Control, Division 
of Milton Roy Co., Riviera Beach, FL) and a Linear 
Instruments Aerograph recorder (Linear Instruments Corp., 
Irvine, CA). 

Several types of reversed-phase analytical columns were 
employed in this work to ensure that the method would be 
reasonably flexible. An RCM-100 cartridge (Waters Associ- 
ates, Inc.) containing Radialpack C,, was used in the Radial 
Compression Module. Other columns investigated were 
Zorbax ODS (E. I. DuPont & Nemours, Inc., Wilmington, 
DE) and ODS Hypersil (Shandon Southern Instruments, 
Inc., Sewickley, PA). 

Two large-particle precolumns were placed before the 
injector. The first contained acid-washed silica gel that 
saturated the basic mobile phase with silica to inhibit 
dissolution of the analytical column. The second precolumn 
contained ethylene&amine-loaded silica gel which removed 
metal ions present in the mobile phase. 

0.025 
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Fig. 1. Chromatogram of a mixture of iron(III), nickel(H), 
copper( mercury(H) and cobalt(H). The chromatogram 
is run on the radial compression cartridge column under the 
conditions described in the text. The metals are present at 

concentrations of about IO@f. 

Chromarographic conditions 

Optimal conditions for the separation of butyl- 
napthylmethyldithiocarbamates on a Radialpack C,s RCM- 
100 cartridge are as follows. The mobile phase was 
methanol-water (95: 5) buffered at pH 7.5 with 1mM Tris. 
The chromatograms were developed at a flow-rate of 2 
ml/min with the column at ambient temperature. In general, 
20-~1 samples were injected by means of a fixed-volume 
loop. This column and the conditions above were used to 
obtain the data given in Tables 1-3 and Figs. 1 and 2. We 
note in passing that the capacity factors for the metal 
dithiocarbamates are very sensitive to the stationary phase, 
and the mobile phase conditions must be. optimized when- 
ever a new column is employed. Furthermore, the capacity 
factors for these solutes do not equilibrate rapidly after the 
mobile-phase composition is altered. It is therefore neces- 
sary to store the column in the mobile phase which is to be 
used. We also need to point out that at the pH used in this 

__ 0 Cu(ll) 0 

. Tl(lll) I 
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-- A Pt(ll) 
_ 0 Pd(ll) 
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Fig. 2. Calibration graphs for nickel(H), mercury(H), cobalt(H), copper(H), iron(H), platinum(H), 
palladium(H) and thallium(III). All values were obtained by using the Radial Compression Cartridge 

column under the conditions described in the text. 



HPLC determination of trace metals 

Table 1. Precision (% rsd) peak heights at different concentrations of the metal 
complexes* 

Cont., 
PM Cu(I1) Tl(II1) Pt(II) Pd(I1) Co(I1) Hg(II) 

0.10 - - 11 12 0.4 14 
0.15 8.4 14 - - - 
0.30 4.1 3.2 - - - 
0.50 - - 1.1 4.3 0.9 0.7 
1.0 2.0 - 1.9 5.3 1.6 
1.5 1.5 3.0 - - 
3.0 1.5 2.2 - - 
3.75 - 2.8 1.2 0.9 - 1.7 

,5.0 I.0 3.3 4.0 0.8 1.9 
7.5 - 1.0 3.3 - 

IO - - 1.2 1.7 1.7 2.6 
15 1.8 2.5 - - - 

*All results were obtained with the Radial Compression Cartridge described in the 
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text. 

work the columns tend to age rather rapidly. For example, 
over a 50-day period of reasonably constant use the capacity 
factor for the mercury(I1) complex decreased from 20.0 to 
16.5. The capacity factors. reported here were computed 
from the retention of the peak of interest relative to that of 
the xinc(I1) complex. In preliminary work we showed that 
the zinc complex had the same retention time as uracil and 
a mismatched solvent peak. 

Standard preparation 

An aqueous solution of the metal nitrate was added to an 
excess of Zn(BNMdtc), in the mobile phase that was to be 
used for the separation. The solutions were allowed to stand 
for 5-10 min to ensure completeness of reaction. Excess 
Zn(BNMdtc), must be added to prevent complex dis- 
sociation and decomposition of the ligand prior to injection 
onto the column. 

RESULTS AND DISCUSSION 

A typical chromatogram showing a separation 
of a mixture of iron( nickel(H), copper(H), 
mercury(H) and cobalt(I1) is given in Fig. 1. All the 
peaks are sufficiently well resolved for analytical 
purposes. The first peak is due to the excess of the 
zinc complex, and the ragged tail with minor peaks 
on it is quite typical of what we observe for a blank 
injection. The reason for these small peaks is 
not known, but we hypothesize that they are due 
to reaction of the zinc reagent with the metal 
components of the chromatographic system. 

Calibration graphs for a series of metal complexes 
were generated by injections of serial dilutions of the 
1OOmM stock solutions. Figure 2 shows the linearity 
of response over the concentration range O.l-10pM. 
These studies were performed with a series of metal 
complexes in 95/5 v/v methanol-water, 1mM Tris, 
pH 7.5. The graphs for the BNMdtc complexes of 
Cu(II), Tl(III), Pt(II), Pd(II), Hg(II), Ni(I1) and 
Co(I1) showed good linearity, with the correlation 
coefficients (r) greater than 0.999 over the concen- 
tration range from 1.0 x lo-’ to 1.0 x 10m5M. The 
linearity of the calibration graph for Fe(BNMdtc), 
(r = 0.977) is not as good as that for the other 
complexes. This is due to iron contamination from 
the system, which could not be eliminated even after 

TAL. M,I-*--T 

silanization of frits, syringes and sample vials to 
prevent attack of the reagent on stainless-steel sur- 
faces, or after replacing the precolumns, and flushing 
the system with ethylenediamine in methanol to 
remove iron from the system. 

The reproducibility of the chromatographic 
method as a function of the solute concentration was 
determined from 3-5 replicate injections of the stan- 
dard solutions at each of the indicated concentration 
levels (Table 1). The relative standard deviation of 
the signals was generally better than 5% for all the 
species studied, at concentrations down to about 
0.3 x 10m6M but deteriorated at lower levels. The 
decrease in the precision at concentrations below 
about lo-‘M is due to the decrease in the signal-to- 
noise ratio as the detection limit is approached. The 
detection limits obtained by observing the peak at 
maximum detector sensitivity (0.001 absorbance full 
scale) ranged from 30 to 400 pg, depending on the 
metal (Table 2). The minimum detectable amount or 
concentration was taken as that which produced a 
peak which was twice the baseline noise level. The 
detection limits were also calculated from the lin- 
earity study. With a signal-to-noise ratio of 2, the 
detection limits for a 20-p] sample ranged from 400 

Table 2. Detection limits for the metal 
complexes* 

Amount, Concentration, 
Metal species /X PM 
Tl(II1) 0.4 0.098 
Pt(II) 0.3 0.077 
Pd(I1) 0.15 0.071 
Hg(II) 0.09 0.022 
Fe(II1) 0.05 0.045 
Cu(I1) 0.04 0.032 
Ni(I1) 0.03 0.026 
Co(I1) 0.03 0.045 

*Detection limit defined as the concentration 
or amount needed to produce a peak 
height of twice the baseline noise. All 
conditions used for the Radial Com- 
pression Cartridge column are given in the 
text. 
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Table 3. Examination of the effect of various complexing agents on the peak signal and capacity factor* 

Ni(II) Cu(II) Co(I1) Tl(II1) 

Absorbance Absorbance Absorbance Absorbance 
Complexing agent k’ x 10’ k’ x 10’ k’ x 10’ k’ x 10’ 

For I&M M(BNMdtc). 
No complexing agent 11.3 20.2 16.3 15.7 22.2 16.5 29.8 58.0 
1OOpM phosphate 11.4 20.2 16.4 16.2 22.1 16.5 29.9 57.0 
lOO@f acetate 11.4 20.2 16.2 15.2 22.2 16.5 30.0 58.0 
lOO@ thiocyanate 11.4 19.7 16.4 15.2 22.1 16.5 29.5 60.0 
100/M EDTA 11.3 19.9 16.4 15.7 21.9 16.2 29.8 57.0 

For Ip M M(BNMdtc), 
No complexing agent 11.3 2.02 16.4 1.59 22.1 1.65 29.8 6.0 
100&f phosphate 11.3 2.04 16.4 1.64 22.1 1.65 29.9 5.8 
lOO@ acetate 11.3 2.02 16.4 1.57 22.1 1.62 30.0 5.9 
1OOpM thiocyanate 11.3 2.02 16.4 1.64 22.1 1.62 30.0 5.6 
1OOuM EDTA 11.3 2.02 16.4 1.64 22.1 1.62 30.0 5.9 

*All conditions are given in the text for the Radial Compression Cartridge column (dead volume 1 .l ml). Zn(BNMdtc), 
was present in ail samples at a concentration of 50&. 

pg for Tl(II1) down to 30 pg for Ni(I1) and Co(I1). complexing agents (acetate, phosphate, thiocyanate, 
Detection limits in HPLC are very sensitive to the size and EDTA). The effect of the potential interferent 
of the column as well as to the analyte capacity on the complex formation and chromatography 
factor. No attempt was made in this work to use was then assessed (Table 3). In all cases, excess 
small columns or optimize the capacity factor for any Zn(BNMdtc), was present at a concentration of 
particular solute. Some differences in detectability are 50@. The data in Table 3 show that the added 
due to small variations in the molar absorptivity from complexing agent had no effect on either the absorb- 
solute to solute, as well as to a slight amount of ance or the capacity factor. To some extent, the 
dissociation of the complex on the column. In gen- robustness of the reagent is due to the presence of the 
eral, the molar absorptivities are in proportion to the excess of BNMdtc as well as the presence of zinc, 
number of BNMdtc groups associated with the metal. which acts to mask the potential interferent. 

The ability of various complexing agents to inter- 
fere with the formation of the BNMdtc complexes 
was checked. Metal BNMdtc complexes were formed 
in the presence of IO- and 1 00-fold excess of common 

The chromatographic properties of the various 
reversed-phase columns are compared in Table 4. 
This study indicates that the separation of the metal 
BNMdtc complexes is possible on a number of 

Table 4. Comparison of various chromatographic columns 

Metal 

Fe(II1) 
Ni(I1) 
Cu(I1) 
Hg(II) 
Co(I1) 

Fe(II1) 
Ni(I1) 
Cu(I1) 
Hg(II) 
Co(H) 

Fe(II1) 
Ni(I1) 
Cu(I1) 
Hg(III) 
Co(H) 

Whromatographic capacity factor. Void volume measured with uracil or Zn(BNMdtc), as the dead 

k’* at 
Hypersilg Zorbaxj RCM-lOO* Hypersilg Zorbax$ RCM-lOOf 

Mobile phase: methanol-water (95:5), 1mM Tris, pH 7.5 
3.82 5.44 8.08 1.31 1.48 1.61 
5.02 8.04 13.03 1.40 1.47 1.44 
7.01 11.82 18.72 1.16 1.17 1.12 
8.14 13.82 21.05 1.47 1.35 1.28 

11.95 18.67 26.85 

Mobile phase: methanol-water (93.5:6.25), 1mM Tris, pH 7.5 
4.75 7.02 9.67 1.37 1.52 1.67 
6.51 10.64 16.11 1.49 1.53 1.45 
9.69 16.00 23.41 1.10 1.15 1.14 

10.64 18.46 26.65 1.62 1.48 1.31 
17.15 27.37 34.97 

Mobile phase: methanol-water (93:7), 1mM Tris, pH 7.5 
5.95 8.89 12.139 1.43 1.58 1.77 
8.48 14.04 21.437 1.43 1.51 1.40 

12.12 21.14 29.911 1.17 1.16 1.18 
14.02 24.42 35.35Tl 1.64 1.60 
23.02 39.10 

volume marker. Note that Zn(BNMdtc), is unretained. 
tchromatographic selectivity, i.e., ratio of capacity factors of adjacent peaks. 
#CDS Hypersil, 10 pm particles in a 20-cm column; 9% carbon, end-capped. 
$Zorbax ODS, 556 pm particles in a 15-cm column; 20% carbon, not end-capped. 
# RCM-100, 10 pm particles in a IO-cm cartridge; 5% carbon, not end-capped. 
f(Methanol-water (92.5: 7.5). 
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Table 5. Dependence of capacity factor on solute concentration* 

k’ 

Concentration, PM Fe(II1) Pt(II) Pd(I1) Hg(II) 

10 7.11 9.31 13.29 18.02 
5 7.07 9.35 13.33 18.09 
1 7.15 9.36 13.33 18.09 
0.5 7.10 9.30 13.25 17.96 
0.1 7.10 9.32 13.22 18.02 

*All results are for the Radial Compression Columns with the mobile phase 
specified in the text. Note that the k’ data were not obtained at the same time 
as the data in Table 4. and are not in precise agreement, owing to column 
aging. 

reversed-phase C,, columns if the mobile phase is 
appropriately adjusted. These data show that even a 
fairly small change in the amount of organic modifier 
has a rather drastic effect on the capacity factors, 
much more than generally expected for small solutes 
at such high levels of methanol. This effect may be a 
consequence of the large size of the metal complexes. 
It should be noted that the solute capacity factors are, 
within the precision of measurement, independent of 
the amount injected (see Table 5). Based on the 
known differences between these columns, we believe 
that the chromatographic resolution improves as the 
number of available silanol groups increases. This 
and the above-mentioned fact that the capacity fac- 
tors of the solutes take a long time to become fully 
equilibrated after a change in mobile-phase com- 
position indicates that the solutes interact fairly 
strongly with the silica and the retention mechanism 
is not “pure” reversed-phase. The separation times 
do decrease when columns with a high carbon load 
or end-capped columns are used. On the basis of 
these observations, we tested the effect of adding 
triethyiamine, a common silanol group blocking 
agent, to the mobile phase. As shown in Table 6, we 
found a most unexpected result, namely, that for 
three of the metal species [copper(H), mercury(H) and 
cobalt(II)] the retention actually increased. We ex- 
pected the usual result, namely, a decrease in reten- 
tion upon addition of an amine to the mobile phase. 
In contrast, the retention of iron(II1) and nickel(H) 
first increased and then decreased with increase in 
amine concentration. It is conceivable that the metal 

Table 6. Effect of silanol blocking agent con- 
centration on capacity factors* 

k’ 

Species At Bt Ct 

Fe(II1) 6.58 10.98 6.90 
Ni(I1) 9.98 12.78 11.31 
Cu(I1) 14.29 15.58 16.00 
Hg(II) 16.45 17.40 18.19 
CO(I1) 19.85 21.58 22.10 

*All results were obtained on the Radial 
Compression Cartridge column with the 
mobile phase condition described in the 
text. 

IjTriethanolamine), mM; A, 0; B, 1; C, 5. 

complexes formed an adduct with the triethylamine, 
thereby making them more hydrophobic. In any case, 
these results substantiate our view that the process 
for retention of nonpolar metal complexes on reversed- 
phase columns is not as simple as that for the 
retention of low molecular-weight organic solutes. 

Conclusion 

The RCM-100 cartridge appears to be a good 
choice for the separation of these metal complexes at 
trace levels. The linearity and reproducibility for all 
complexes showed that the complexes did not dis- 
sociate at the lower concentrations studied, indicating 
that complex lability is not a problem with this type 
of derivative. Neither complex formation nor the 
chromatography was affected by addition of other 
complexing agents, indicating that normal environ- 
mental interferences should not be a serious problem. 
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Summary-Spark ablation-inductively coupled plasma (SA-ICP) spectrometry is applied to the mea- 
surement of hafnium-zirconium ratios in zircons and to the dete~ination of cerium, cobalt, iron, lead, 
nickel and phosphorus in ferromanganese nodules. Six operating parameters used for the high-voltage 
spark and argon-ICP combination are established by sequentiai simplex optimization of both signal-to- 
background ratio and signal-to-noise ratio. The time-dependences of the atomic emission signals of 
analytes and matrix elements ablated from a finely pulverized sample embedded in a pressed disk of copper 
demonstrate selective sampling by the spark. Concentration ratios of hafnium to zirconium in zircons are 
measured with a precision of 4% (relative standard deviation, RSD). For ferromanganese nodules, 
spectral measurements based on intensity ratios of analyte line to the Mnfil) 257.610 nm line provide 
precisions of analysis in the range from 7 to 14% RSD. The accuracy of analysis depends on use of 
standard additions of the reference material USGS Nod P-l, and an independent measurement of the Mn 
concentration. 

Approaches to the introduction of solids into the by Aziz et ~1.~ The requirement for electrical conduc- 
inductively coupled plasma include the direct in- tivity is met by incorporating a pulverized non- 
sertion of powders, the nebulization of slurries, and conductive sample into a conductive matrix. Thus, a 
the production of aerosols by laser ablation, by direct pulverized sample is mixed with a metallic powder, 
current discharges or by hip-voltage mdiofrequen~y such as aluminum or copper, and sub~uently 
(RF) spark discharges. ‘,* Recent applications of the pressed into a disk that can be used as an electrode 
diode-shunted spark indicate that the generation of for a point-to-plane spark. More recently, a method 
aerosols by this discharge provides a viable sampling has been described for the determination of metals in 
technique for electrically conductive materials, par- coal ily-ash incorporated into a pressed graphite 
ticularly iron alloys, in inductively coupled plasma disk? and initial results have been reported on the 
(ICP) emission spectrometry.3” analysis of manganese nodules in a copper disk.‘%‘O 

Geologic materials generally have neither the 
requisite electrical conductivity nor the degree of 
homogeneity exhibited by alloys. However, the 
potential for direct analysis of these complex solids is 
quite appealing because some of the problems com- 
monly associated with the use of solutions may be 
avoided, uiz. (a) the large dilution factors (2 200) 
incurred in transforming a solid sample into an 
aqueous solution, (b) addition (contamination) or 
loss of sample components in a fusion-dissolution 
process, (c) the insolubility of certain resistive min- 
eral phases, such as berite, beryl, cassiterite, chromite, 
rutile, tourmaline and zircon, and (d) the risk of 
nebulizer clogging because of the high concentration 
of salts from a fusion process. Spark ablation of solid 
samples, combined with excitation in an ICP, has the 
potential for reducing both sample handling and 
analysis time. 

Manganese nodules and the mineral zircon were 
selected for the current study as materials that typify 
the complexity and insolubility of geologic materials, 
respectively. Manganese nodules, which represent an 
important mineral resource for metals required by 
modern technology,“.‘* are a complex mixture of 
organic and colloidal matter and nucleus fragments 
in addition to crystallites of various minerals of 
detrital and authigenic origins. Conventional meth- 
ods based on atomic-absorption spectrometry’3 and 
on ICP spectrometry of aqueous solutions14 are nor- 
mally used in the analysis of these materials. The 
ratio of hafnium to zirconium in a zircon serves as a 
good indicator of the conditions for ~~stallization 
from a magma source and of the origin of a particular 
zircon.‘>17 

The feasibility of ICP s~trometric analysis of 
electrically nonconductive materials has been shown Apparatus 

*Author for correspondence. Present address: Ross Labo- 
ratories, 625 Cleveland Ave., Columbus, OH 43215. 

?Department of Chemistry, George Washington Univer- 
sity, Washington, DC 20052. 

All spectral measurements were made with a dual direct- 
reading spectrometer system (model 1160, Therm0 Jarrell 
Ash Corp.) and a single argon ICP.‘* The nominal 
first-order band-pass of each spectrometer was 0.036 nm. 
Argon for operation of the plasma was supplied from a 
Dewar container of liquid argon, and the ICP was generated 
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in a Fassel-type torch by a 27.12-MHz, 2-kW generator. The 
argon used to transport and inject the spark-generated 
aerosol was supplied from a cylinder of the compressed gas. 

The dime-shunts spark was generated by an electronic 
adjustable waveform power supply operated at 17 kV 
(model 96-778, Ther& Jarrell Ash Corp.). The current 
waveform of the mark lfor example, see Fig. 2(b) of 
reference 191 was measured by a wide-band puise-current 
transformer (model 110, Pearson Electronics) that was 
connected to the input amplifier of an oscilloscope having 
a frequency response of 100 MHz (model LBO-516, Leader 
Co.). The calibrated response of this induction-pickup cur- 
rent transformer was 100 mV/A. During each l2-,usec 
breakdown cycle, a current peak of approximately 85 A was 
followed by a rapid oscillatory decay to zero. An RF- 
current of approximateIy 6 A (rms) was observed during 
continuous operation of the spark. 

The spark was established between a thin, sharply- 
pointed (60” cone) tungsten electrode and the flat surface of 
a conductive sample disk (cathode). Electrical polarity was 
maintained to effect sampling of the disk and to minimize 
erosion of the pointed electrode. Aerosol particles having 
mean diameters that range from a fraction of a pm to 
approximately 100 ,um are produced by a unidirectional 
high-voltage spark. 2o Many of the larger particles, which are 
found at distances of several cm from the spark, are 
aggregates of numerous small particles. During each cycle 
of spark ablation, the spark chamber was swept by argon, 
which transported aerosol from the 4mm spark gap into the 
ICP. Flow of argon through the spark chamber was main- 
tained by a calibrated mass-flow controller (model 8200, 
Matheson Co.). The aerosol traveled approximately 1 m 
through a 6-mm i.d. polyethylene tube into a modified 
Scott-type spray chamber. Large particles were deposited 
on the inner walls of the tubing and on the surfaces of the 
spray chamber, including the surfaces of the polytetra- 
fluoroethylene (PTFE) baffles placed within the spray cham- 
ber. Thus, the surfaces of the tubing, the spray chamber, and 
the baffles acted as a particle filter for the aerosol generated 
by the spark. 

The Scott-type spray chamber for solution nebuhzation 
had been modified by the manufacturer to allow intro- 
duction of solid aerosol from the spark source into the top 
of the spray chamber, at a location immediately after the 
PTFE holder of the solution nebulizer. The spark-generated 
solid aerosol from the transport line was directed into the 
spray chamber by a special, three-piece PTFE connector 
provided by the manufacturer. Use of this connector caused 
instability of the plasma, owing to gas leaks into the spray 
chamber. This problem was eliminated by using a single- 
piece fused-silica connector, in the form of a ball joint, 
attached to the spray chamber. 

Particles transported from the spark through the poly- 
ethylene tubing passed through a S-cm section of flexible, 
thin-walled silicone tubing before entering the spray cham- 
ber. This flexible tubing connected the more rigid poly 
ethylene tubing to a Pyrex ball-joint connector on the spray 
chamber. The section of thin-walled tubing passed through 
a pinch-clamp solenoid valve (Angar Scientific Co., part no. 
388NCllSlOlO) that acted as an on-off switch for control 
of aerosol entry into the spray chamber. The original pinch 
valve installed on this instrument by the manufacturer gave 
a fluctuating flow, as a result of valve chatter. 

When the pinch-clamp valve was in the “off” position, a 
fixed cross-flow nebuliier operated to wash the spray cham- 
ber continuously with 10% v/v nitric acid. This washing was 
necessary to prevent build-up of deposits of fine particles 
that would clog the liquid nebulizer. Also, a fixed pressure 
of less than 35 psig was maintained in all the gas lines of the 
spark chamber. The fine aerosol particles emerging from the 
spray chamber were injected into the argon ICP, where 
vaporization, dissociation, ionization and excitation of 
emission from free atoms and ions occurred. 

Reagent 

High-purity copper powder (Johnson-Matthey Pura- 
tronic: 22-mesh Cu powder, with impurities Eli, Si = 2 ppm; 
Ca, Fe, Na, Ni = 1 ppm; and Al, Mg, Mn each < 1 ppm). 

Procedure 

In this approach to spark ablation-ICP spectrometry, 
pulverized solids for both standards and samples were 
mixed with pure copper powder and pressed to form disks 
that were sparked directly. The aerosol formed by the spark 
was then injected into an argon ICP. The resulting spectral 
signals were measured by direct-reading spectrometry. 

In accordance with the optimal conditions established in 
this investigation, 1 g of manganese nodule or zircon 
(ground to IOO-mesh) was mixed with 4 g of high-purity 
copper powder. Mixing was accomplished on a 
Fisher-Kendall mixer that continuously agitated the pow- 
dered materials for &8 hr. Each mixture of sample and 
copper powder was poured onto l-2 g of copper powder in 
a 2.5-cm die, and a force of 18000 lb was then applied for 
60 set to form a layered disk. This layered disk presented 
sample to the spark-eroded side, and a m~hani~lly stable 
highly conductive surface to the electrical pressure-contact 
on the opposite side. 

The forward power to the ICP was 1.3 kW, and the 
reflected powder was typically less than 5 W. An outer 
flow-rate of I8 l./min and an intermediate flow-rate of OS 
i./min of argon were maintained for all measurements. The 
observation height for spectral measurements was 19 mm 
above the load coil. For a spark power setting of 85% (RF 
current = 5.8 A) and a spark-break frequency of 2 breaks 
per half-cycle, the flow-rate for the argon injection gas was 
fixed at 0.86 l./min by a mass-flow controller. At the end of 
a period of 80 set (pre-integration), spectral line signals were 
integrated for 20 sec. Between samples, the spark chamber 
was flushed for 60 set with argon. 

RESULTS AND DISCUSSION 

Because the low alloy steel NBS SRM 1263 pro- 
vided a homogeneous, well-characterized, conductive 
material, it was used to determine initial operating 
conditions for the spark ablation-ICP combination. 
These conditions were established by sequential 
simplex optimization (SSO) of composite signal-to- 
background ratios and composite signal-to-noise ra- 
tios as response functions.9*10~18 A simplex computer 
program for signal-to-background (S/B) opti- 
mization was modified to enable optimization of 
signai-to-nojse (S/N). Composite responses (ratios) 
were measured for 12 elements, with five successive 
samplings by the spark source. Optimum conditions 
were achieved after approximately 30 experiments. 

The spectral line used for each element, the concen- 
tration of each element in the standard, and the 
location for background subtraction on the direct- 
reading spectrometer, are listed in Table 1. The 
variables included in the SSO studies and their opti- 
mal values are summarized in Table 2. This set of 
operating conditions for the low-alloy steel is consid- 
ered to represent only a starting point that can be 
altered to fit nonconductive geological matrices and 
other groups of elements. The major conclusions 
drawn from this study were: (a) the operating condi- 
tions for optimal S/B or S/N ratios were roughly the 
same, (b) the observation height used for the solid 
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Table I. Selected elements in NBS Low Alloy Steel SRM-1263 and 
spectral lines used in the sequential simplex optimization of SA-ICP 

Element Spectrum 

AI I 
Ti II 
Ag I 

cu I 
V II 
Si I 

Mg II 
Cr II 
Mn II 

Ni II 
co II 

Wavelength,2’ nm 
Concentration 

Line Background* % 

396.152 f0.086 0.24 
334.941 + 0.083 0.050 
328.068 - 0.093 (0.0037) 

324.154 +0.074 1.098 
292.402 +0.096 0.31 
288.158 -0.058 0.74 

279.553 +o.o9i5 (0.~5) 
267.716 f0.042 I.31 
257.610 -0.102 1.50 

231.604 + 0.077 0.32 
228.616 + 0.096 0.048 

W II 207.911 +0.045 0.046 

*Location (nm) relative to spectral line peak, for measurement of 
background signal. 

aerosol should be 5 mm higher than that commonly 
used for solution nebulization, and (c) signal integra- 
tion should commence 70-80 set after aerosol injec- 
tion. 

Several conductive materials, including aluminum, 
copper, graphite, indium and zinc were tested for 
suitability as conductive substrates. Generally, an 
electrically conductive material was sought that: (a) 
binds sufficiently well to form a rigid disk of 2.5-cm 
diameter under a force of 18000 lb, (b) has an atomic 
emission spectrum with few lines in the 200-500 nm 
region, (e) has good electrical conductivity, (d) is 
available in a highly-pure powder form, and (e) is 
relatively inexpensive. 

Indium flowed in the die of a hydraulic press, thus 
binding together the die components, Zinc formed a 
mechanically stable disk, but melted too readily as a 

cathode for a spark discharge. Graphite disks pro- 
duced large particles that glowed brightly as they 
passed through the ICP discharge. Both aluminum 
and copper powders formed pressed disks that had 
the mechanical strength to support the same material 
and not break up when clamped in the spark stand. 
For identical operating conditions, spark sampling 
from an aluminum cathode has been reported to be 
more effective than sampling from a copper cath- 
ode.” Because high-purity copper powder was less 
expensive than equivalent aluminum powder, copper 
was chosen for use in this study. This choice was 
supported by result obtained by other investigators’ 
for the spark sampling of aluminum oxide and cal- 
cium carbonate from pressed Cu disks. 

USGS Nod A-l and USGS Nod P-l standard@ 
were used as materials representative of manganese 

Table 2. Operating conditions for SA-ICP determined by sequential 
simplex optimization for NBS SRM 1263 

Optimal conditions 
Boundary 

Parameter* values S/N’ S/Bs 

Forward power, k W 1.0-l .8 1.2 1.3 
Observation height, mm 9-31 23 21 
Spark power, % 40-90 75 76 

(rms RF current, A) (3.6) 
Breaks per half-cycle 2-5 

(Z.3) 
4 

Ar injector flow, I./min 0.5-2.0 1.0 0.8 
Pre-integration period, see 30-120 72 73 

*All other parameters were constant: outer gas flow = 17 l,/min Ar; 
intermediate gas flow rate = 0. I I/min; solution nebulizer injector 
gas flow = 0.65 l./min when the solid aerosol was not injected into 
the ICP; solution nebulizer uptake rate = 1 ml/min of 10% nitric 
acid; flush period for spark source = 60 sec. During the flush 
period, an argon gas flow of 20 l./min transports residual solid 
particles (produced by the previous experiment) from the spark 
chamber and the associated transport line to the drain. Signal 
integration time = 1 sec. 

tS/N: signal-to-noise ratio. calculated as the average line peak height 
divided by the rms noise of the background adjacent to the spectral 
line for 5 replicate measurements. 

@S/B: signal-to-background ratio, calculated as the average line peak 
height divided by the background adjacent to the spectral line. 
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Table 3. Concentrations of selected elements in USGS Nod P-l 

Concentration, % 

Wavelength, Accepted 
Element nM value** SA-ICP* 

Ce 393.109 0.32 0.42 (7% RSD; n = 5) 
co 228.616 0.21 0.29 (10% RSD; n = 5) 
Fe 259.940 5.44 4.8 (14% RSD; n = 5) 
Ni 23 1.604 1.25 1.9 
P 214.914 0.25 0.26 

Pb 220.353 0.045 0.042 

*n is the number of replicate measurements; for Ni, P and Pb, n = 1. 

nodules. Weight ratios of sample-to-copper in the 
range from 1:2 to 1: 10 were tested to find com- 
positions that give both reproducible spark sampling 
and atomic emission signals conducive to precise 
measurements. A ratio of 1:4, the same as that 
chosen by Aziz et al.,’ was selected for the con- 
tinuation of this study. 

The observed ICP atomic emission signals for 
nonconductive materials indicated that just as for 
electrically conductive samples with a spark current 
of 6 A and an argon injection flow of 1 l./min, the first 
70-80 set constituted a period of erratic signal 
growth and decay. Typically, the signal exhibited 
exponential-like growth until it reached a maximum 
in 10-15 set, then dropped to a relatively constant 
level, where it could be integrated for the next l&20 
sec. The spark processes responsible for the aerosol 
production appeared to be sensitive to the com- 
position of the sample matrix, as indicated by 
differences in the growth and decay of spectral line 
signals. Thus, thermal processes, such as fusion and 
vaporization, rather than ion sputtering only, appear 
to be quite important.19 

For the 4: 1 mixture, the diameter of the sampled 
area increased from about 3 to 7 mm as the number 
of breaks per half-cycle was changed from 2 to 5 at 
the spark power setting of 85%. Although the highest 
intensities for analyte lines were observed for 2 breaks 
per half-cycle, time profiles obtained at 4 and 5 
breaks per half-cycle showed more stable plateaus 
than those at lower break frequencies. 

In the spark sampling of nodules, the Mn(II) 
257.6-nm line intensity grew with Mn concentration 
in a monotonic fashion. This concentration- 
dependent behavior of Mn line intensity indicated the 
potential of Mn as internal reference element. A 
regular trend in the behavior of the growth curves 
was noted for Ce, Co, Fe, Ni, P and Pb when the 
weight ratio of each element to Mn was plotted us. the 
intensity ratio of the spectral line for each element to 
Mn(II) 257.6 nm. Linear plots were not obtained for 
Al, Ba and K, thus reaffirming the dependence of 
spark sampling on the matrix. 

The concentrations found for three elements in 
USGS Nod P-l standard, along with the precision of 
the measurements and the accepted values for the 
standard, are shown in Table 3. These results were 
obtained from standard-addition calibration curves 
prepared from six disks of Nod A-l and Nod P-l 
standards. The precision of these measurements 
ranged from 7 to 14% RSD. 

As mentioned in the introduction, the ratio of 
hafnium to zirconium in a zircon is indicative of the 
crystallization conditions and the origin of a particu- 
lar zircon. The ratios of the background-corrected 
relative intensities of the Hf(I1) 277.336 nm and 
Zr(I1) 339.198 nm lines were measured by SA-ICP 
spectrometry for the group of zircons listed in Table 
4. The zircons had previously been characterized by 
X-ray fluorescence (XRF) spectrometry and direct- 
current (DC) arc emission spectrography. The con- 
centration ratios presented in the third column of 

Table 4. Concentration ratio of hafnium to zirconium in zircons 

Zircon* 

Intensity ratio 
by SA-ICPt 

(Hf/Zr) 

Concentration ratio (Hf/Zr)$ 

SA-ICPt XRF$ DCA # 

48MT039 0.0483 0.021 0.025 0.028 
49MT119 0.0372 0.016 0.016 0.018 
50MT201 0.0522 0.022 0.022 0.022 
51MT254 0.0583 0.025 0.029 0.024 
54M5146 0.0507 0.022 0.025 0.023 
55MT038 0.0546 0.023 0.024 0.024 
55MT049 0.0497 0.021 0.021 0.021 

*Field identification number for zircon. 
tSA-ICP: spark ablation-inductively coupled plasma spectrometry. 
§The typical concentration of hafnium in these zircons ranged from 1 to 2%. 
fXRF: X-ray fluorescence spectrometry. 
# DCA: direct-current arc atomic-emission spectrography. 
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Table 4 were estimated from a least-squares re- 
gression line fitted to four points that included the 
origin and the three Hf/Zr ratios for which exact 
agreement was exhibited (underlined) between XRF 
spectrometry and DC arc spectrography. The cor- 
relation coefficient for this regression line was 0.9993. 
The concentration ratios determined by SA-ICP 
spectrometry are similar to the ratios determined by 
XRF spectrometry and DC arc spectrography.‘>” 
The precision of SA-ICP spectrometry was approxi- 
mately 4% RSD when solid zircons were used to 
prepare the calibration curve. 

Results from this investigation confirm that spark 
ablation provides a useful means for the direct sam- 
pling of nonconductive materials for ICP spec- 
trometry. However, the spark efficiency depends on 
the sample matrix, and therefore direct analysis of 
complex nonconductive materials, such as ferro- 
manganese nodules and zircons, is a complicated task 
that requires matching of the sample and standards. 
This matching requirement precludes the use of aque- 
ous standards in place of solid standards for the 
preparation of calibration curves in analysis of cer- 
tain geologic materials. These limitations of SA-ICP 
emphasize the need for the development of new 
techniques for direct analysis of solids, that would be 
applicable to complex samples such as those cited in 
the introduction to this report. 
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Summary-Fluorescence intensity, lifetime and polarization were investigated for use in the homogeneous 
immunochemical determination of bovine and human insulin. Both antibody-labelled and antigen-labelled 
schemes were studied. A competitive, antigen-labelled immunoassay based on the difference in 
fluorescence polarization between free and antibody-bound fluorescein-labelled insulin was found to be 
the most sensitive approach. The problem of adsorption of insulin on the cuvette surfaces was studied, 
and sodium salicylate was used with silica cuvettes to minimize the adsorption. Anti-porcine insulin 
antibody and fluorescein-labelled bovine insulin were successfully used for the determination of both 
human insulin and bovine insulin. 

Nonisotopic immunochemical techniques have been 
extensively developed and widely used for clinical 
determinations in recent years.’ Fluorescence tech- 
niques such as antigen-labelled fluoroimmunoassay 
(FIA) and antibody-labelled immunofluorimetric 
analysis (IMFA) are often used because of the high 
sensitivity and selectivity of fluorescence detection, 
as well as the suitability of fluorescent labels for 
homogeneous (nonseparation) analysis. Homoge- 
neous fluorescence techniques are based on 
differences in fluorescence characteristics, such as 
spectral maxima, intensity, lifetime and polarization, 
of the fluorescent labelled species in the free and 
bound forms. However, spectral shifts and large 
changes in intensity are not usually observed for the 
high quantum-yield labels that are commonly used 
for FIA and IMFA. In previous work, it has been 
shown that intensity and lifetime differences can be 
combined in order to improve the discrimination 
between the free and bound species, by using phase- 
resolved fluorescence spectroscopy.24 

Fluorescence polarization has been one of the most 
successful approaches to homogeneous immuno- 
chemical determinations. Since the polarization 
difference between free and bound labelled reagent is 
a function of the difference in molecular size, polar- 
ization techniques are most sensitive for competitive 
FIA determinations of low molecular-weight hap- 
tens, which on binding to the antibody form a unit 
of much greater size than their original one. The 
analyte hapten competes with the fluorescent labelled 
hapten for the antibody, resulting in a decrease in 
polarization as the fluorescent labelled hapten is 
displaced from the antibody by increasing concen- 
trations of analyte. 

*Author for correspondence. 

In this paper, the homogeneous polarization FIA 
of bovine insulin and human insulin is described. 
Insulin is an interesting analyte for several reasons, 
including its size (MW 5600), which is intermediate 
between low molecular weight haptens and macro- 
molecular antigens, its very low physiological concen- 
tration range (lO-100pM) and the similarity between 
insulins from different mammals. Immunochemical 
techniques for the determination of insulin that have 
been described include radioimmunoassay’ and en- 
zyme immunoassay6*’ (the latter for the determination 
of human insulin). An automated flow-cell polar- 
ization fluorometer has been used for the deter- 
mination of porcine insulin at concentrations of 
about 10-8M.8 

EXPERIMENTAL 

Materials 

Demineralized HPLC-grade water was used for all prep 
arations. Solutions were prepared in 0.05OM TRIZMA 
buffer, pH 7.6 unless otherwise noted. Zinc chloride (gold 
label, Aldrich), sodium salicylate, (NaSy, gold label, 
Aldrich), Triton X-100 (reduced form, RTX, Aldrich), 
urea (EM Science) and sodium sulfate (Fisher Scientific) 
were used as received. 

Stock solutions of the solid reagents, including bovine 
insulin (Sigma) and fluorescein-labelled bovine insulin 
(Sigma) were dissolved and diluted with buffer. Stock 
sol;tions of the reagents obtained in liquid suspensions, 
including human insulin (Peptide Institute, Inc.), anti- 
porcine insulin (Cambridge Medical Diagnostics), anti- 
human insulin (Serotec), fluorescein-labelled anti-human 
insulin (Serotec) and rhodamine-labelled anti-human insulin 
(Serotec) were all diluted with buffer. According to the 
manufacturer, the anti-porcine insulin had the same biolog- 
ical activity as the anti-bovine insulin. 

Samples were prepared by successive dilutions of the 
stock solutions. Blanks were prepared with the same constit- 
uents, except that the labelled reagents were omitted. Mea- 
surements were made after 1520 min incubation. The 
sample compartment was maintained at 25 f 0. I” with a 
Haake A81 temperature-control unit. 
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Several types of cuvettes were investigated, including 
silica cuvettes and disposable cuvettes made of polyethylene 
(Precision Cell), polystyrene (Evergreen) and poly(methy1 
methacrylate) (Spectrocell). 

1.10 

1 .oo 

0.90 
Apparatus 

All fluorescence measurements were made with an SLM 
48000s spectrofluorometer (SLM Instruments, Inc., 
Urbana, IL), with a 450-W xenon lamp source and 
Hamamatsu R928 photomultiplier tube detector. An IBM 
PC-XT microcomputer was used for on-line data acquisi- 
tion and for data analysis. Fluorescence lifetime deter- 
minations were made at an excitation modulation frequency 
of 30 MHz, with a scattering solution as the reference. 
Details of the phase-modulation instrumentation and tech- 
nique have been described elsewhere.‘,” Phase and modu- 
lation measurements were made in the “100-average” mode, 
in which each measurement is the average of 100 samplings, 
performed internally by the instrument electronics over a 
period of approximately 25 sec. The excitation mono- 
chromator slits were set to give 16 and 1 nm band-pass for 
the entrance and exit, respectively. The emission mono- 
chromator slits were set at 16 nm band-pass. Some lifetime 
measurements were made with a band-pass interference 
filter (530 nm, 10 nm half-width, Oriel) instead of a mono- 
chromator for emission wavelength selection. 

Steady-state excitation and emission spectra were ob- 
tained in the “IO average” mode, with all of the slits set at 
2 nm band-pass. Fluorescence intensity and polarization 
measurements were made in the “25 average” mode, and 
reported as the average of five measurements. The excitation 
monochromator slits were set to 4 nm band-pass and the 
band-pass filter was used for emission wavelength selection. 
Polarization measurements were made by using the “L- 
format”.” Polarization (P) was calculated as: 

P = (&v - C&” )I(&” + Ck” ) (1) 

The subscripts to the fluorescence intensity values (I) refer 
to the orientations of the excitation and emission polarizers, 
in that order (V = vertical, H = horizontal). The correction 
factor C (C = 1,,/1,,) is required for the L-format and was 
experimentally determined along with Iv, and Iv”. Bach of 
the intensity values used to calculate P was the average of 
five measurements performed in the “SO average” mode. 

RESULTS AND DISCUSSION 

The excitation and emission maxima of the labelled 
reagents did not change on binding. The fluorescein- 
and rhodamine-labelled antibodies from human anti- 
sera did not show any change in fluorescence intensity 
and lifetime when bound to either bovine or human 
insulin, possibly because the fluorescent label was 
located at a site far from the antibody binding sites. 
The non-competitive labelled antibody system was 
not investigated further. A small increase in 
fluorescence intensity of the fluorescein-labelled 
bovine insulin (Ag*F) on binding to anti-porcine 
insulin antibody (Ab) was observed. The intensities of 
both free and bound Ag*F increase with increasing 
pH in the range 7.0-8.4, but the intensity increments 
of the two are similar at each pH value. The 
differences in polarization and lifetime between free 
and bound Ag*F change only slightly with pH. 

Efects of cwette material 

Disposable plastic cuvettes are widely used in 
chemical and clinical experiments. For the insulin 
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Fig. 1. Relative fluorescence intensity of Ag*F 
(2.0 x 10 *M) in pH 7.4 TRIZMA buffer, in different 
cuvettes, as a function of time. ( x ) Polyethylene, (B) silica, 

(a) polystyrene, (A) poly(methy1 methacrylate). 

system, we found that the signal from the fluorescent 
label when the plastic cuvettes are used decreases 
rapidly as a function of time. Plots of fluorescence 
intensity of Ag*F in pH 7.4 buffer as a function 
of time for different types of cuvette are shown in 
Fig. 1. The relative intensities for the curves in 
Fig. 1 are all normalized to an initial value of 1.00. 
All the disposable plastic cuvettes show a very rapid 
rate of intensity decrease. The rates of decrease 
appear to be correlated with the polarity of the 
cuvette surface. Polyethylene has a nonpolar surface 
and shows the fastest rate of decrease. Polystyrene, 
which contains no polar groups but does have an 
aromatic ring, gives a slightly slower rate than poly- 
ethylene. Poly(methy1 methacrylate) cuvettes have the 
highest polarity and show the slowest rate among the 
plastic cuvettes. The decrease in intensity is probably 
due to adsorption of the fluorescent labelled insulin 
on the solid cuvette surfaces, which can reduce the 
amount of fluorescent label in the light path and 
enhance intermolecular quenching of the label on the 
surface. Silica cuvettes showed a much lower rate of 
decrease than the plastic cuvettes, and were used in 
the remainder of the experiments described here. 

In addition to using silica cuvettes, we attempted 
to minimize the error due to adsorption of insulin on 
solid surfaces by adding several kinds of chemicals, 
including RTX, ethanol and NaSy, to the buffer 
solutions. Figure 2 shows the effects of the chemicals 
on the stability of the fluorescence intensity of Ag+F 
over a period of several hours. The relative intensities 
for the curves in Fig. 2 are all normalized to an initial 
value of 1.00. However, it is worth noting that 
ethanol and RTX increased the intensity of the Ag+F 
fluorescence, whereas NaSy decreased it. The RTX, 
at a concentration of 0.19mM (about three-quarters 
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Fig. 2. Relative fluorescence intensity of Ag+F 
(1.6 x lo-*M) in pH 7.6 TRIZMA buffer, in silica cuvettes, 
as a function of time. (a) Buffer only, (A) 10% ethanol, 

(x) 0.19mM RTX, (m) 0.025M NaSy. 

of the critical micelle concentration) did not 
significantly improve the stability of the fluorescence 
intensity, but both ethanol and NaSy did improve it. 
Interestingly, NaSy caused a slight increase in in- 
tensity at the beginning of the time interval (see 
discussion below). Sodium salicylate was used rather 
than ethanol in the FIA because it provided greater 
sensitivity for the calibration curve. 

Effects of additives on the fluorescence of free and 

bound Ag*F 

Table 1 shows the fluorescence characteristics of 
free and bound Ag*F in buffer and in the presence of 
several additives. In ail cases, binding of Ag*F to Ab 
enhances the fluorescence intensity and increases the 
polarization. The fluorescence lifetime increases on 

binding in buffer alone, and in the presence of NaSy 
with or without Zn2+. Binding causes a decrease in 
lifetime in the presence of Zn*+ alone. Sodium sulfate 
and urea, both of which have been reported 
to increase the fluorescence intensity of 
6-carboxyfluorescein,” enhance the fluorescence in- 
tensities of both free and bound Ag*F and decrease 
the intensity ratio. The polarization change 
[AP = P(bound) - P(free)] is about the same in so- 
dium sulfate medium as in buffer, and slightly lower 
in the urea medium, 

It has been reported that Zn*+ increases the specific 
binding of insulin to its receptor.13 We found that 
Zn2+ quenches the fluorescence intensity of both free 
and bound Ag*F, with an intensity ratio of approx- 
imately 1.40. Although Zn2+ causes a large difference 
in fluorescence intensity, it also causes precipitation 
in the systems containing a high protein concen- 
tration, and is therefore not a practicable reagent for 
the homogeneous immunoassay. The BP in presence 
of Zn2+ is less than that in the buffer solution, and 
the fluorescence lifetimes of both free and bound 
Ag*F are shorter in Zn2+ medium than in buffer. An 
interaction between the fluorescein label and Zn*+ 
must exist in the system, because the changes in 
polarization and lifetime relative to the buffer system 
cannot otherwise be explained. The decrease in life- 
times indicates that the interaction may involve col- 
lisional and/or heavy-atom quenching. In the latter 
case, the proximity of Zn*+ to the fluorescein label in 
the bound Ag*F may be responsible for shortening 
the lifetime relative to that of free Ag*F. 

Sodium salicylate has been used to increase solu- 
bility and minimize molecular self-association of 
insulin” and dyes. “.I4 The effects of NaSy on the 
fluorescence intensity and polarization of free and 
bound Ag+F are shown in Figs. 3 and 4, respectively. 
Small amounts of NaSy cause a small enhancement 
of the fluorescence intensities of both free and bound 
Ag*F. Higher concentrations of NaSy result in 

Table 1. Effects of additives on fluorescence characteristics of free and antibody- 
bound AgrFt 

Intensity ?P’ 
Additives ratid AP (x lOO)$ nsecy 

1.09 9.94 (70) 0.17 (6) 
Zn2+ (I .OmM) 1.44 6.37 (25) -0.16 (7) 
NaSy (0.030M) 1.28 8.44 (49) 0.28 (10) 
Zn2+ (I .OmM)/NaSy (0.030M) I .52 7.55 (27) 0.22 (9) 
Na,SO. (0.50M) 1.05 9.44 (53) - 
Urea (i&f) 1.02 6.02 (33) - 

tAg+F (5.2 x IO-‘OM) in O.OSOM TRIZMA, pH 7.6. Antibody-bound solutions 
contain Ab (10” dilution). 

#Intensity ratio of antibody-bound Ag*F to free Ag*F. 
SPolarization difference between antibody-bound Ag*F and free Ag*F 

[P(bound) - P(free)], per cent relative differences in parentheses. 
TDifference in lifetime between antibody-bound Ag*F and free Ag*F 

[r(bound) - r(free)]. per cent relative differences in parentheses. Lifetimes 
were calculated from phase-shift measurements of 1.6 x IO-*M Ag*F and a 
10’ dilution of Ab. Maximum standard deviation for the lifetime measurement 
was 50 psec, and the lifetime of free Ag+F in buffer was 2.99 nsec. 
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Fig. 3. Fluorescence intensity of Ag*F (7.8 x 10-lOM) in 
pH 7.6 TRIZMA buffer as a function of NaSy concen- 
tration. (m) Free Ag*F, (A) Ab-bound Ag*F (IO4 dilution 

of Ab used). 

decreasing intensities. The changes in intensity shown 
in Figs. 3 and 4 do not appear to result from the 
change in pH of the solutions (pH = 7.4-7.9 in this 
NaSy concentration range); the intensity decreases 
with increasing NaSy concentration (and, therefore, 
with increasing pH), whereas the expected effect of 
increasing pH would be to increase the fluorescence 
intensity. The largest difference in fluorescence in- 
tensity was observed in the concentration range 
0.010-O. 10M NaSy. The polarization of both free and 
bound Ag*F increases in NaSy medium, but AP 
decreases as the concentration of NaSy increases. In 
NaSy medium the fluorescence lifetime of bound 
AgrF is similar to the lifetime in buffer, whereas the 
lifetime of free Ag*F is shorter than in buffer, 
indicating a strong interaction between NaSy and 
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Fig. 4. Polarization of Ag*F (7.8 x 10-‘“W) in pH 7.6 
TRIZMA buffer as a function of NaSy concentration. 

Symbols as for Fig. 3. 

5 

Fig. 5. Plots of the changes in polarization of Ag+F 
(5.2 x 10-lo~) as a function of Ab dilution in pH 7.6 

TRIZMA buffer and 0.025M NaSy. 

free Ag*F. The difference in lifetime between free and 
bound Ag*F in NaSy is 280 psec (Table 1). 

The combination of Zn2+ and NaSy yields the 
highest intensity ratio, with polarization and lifetime 
differences falling between those for the individual 
Zn2+ and NaSy systems. The Zn2+ /NaSy combina- 
tion is not suitable for the homogeneous immuno- 
assay, however, owing to the tendency of the proteins 
to precipitate in the presence of Zn2+. 

Polarization FIA 

We chose to use NaSy (25mM in the cuvette) in the 
homogeneous FIA for several reasons, based on the 
studies described above. It provides adequate dis- 
crimination between free and bound Ag*F without 
precipitation problems and it stabilizes the 
fluorescence intensity of the Ag*F in the cuvette. The 
polarization difference, AP, was judged, from the 
results shown in Table 1 and related experiments, to 
be a more reproducible and selective parameter than 
the fluorescence intensity ratio or lifetime difference, 
and was used as the basis of the FIA. 

Dilution curves. The Ab was obtained as a serum 
with unknown protein content. A dilution curve for 
a fixed amount of Ag*F with different dilution fac- 
tors of Ab is shown in Fig. 5. Each point in the curve 
is the average of the polarization for two sets of 
standard solutions. The amounts of Ab used in 
subsequent experiments were chosen from the region 
of the curve with the highest slope. 

Bovine insulin. The polarization difference as a 
function of bovine insulin concentration is shown in 
Fig. 6. Each data point is the average AP for three 
different sets of solutions. A competitive homoge- 
neous immunoassay requires that concentrations of 
reagents (especially the antibody) be kept low in 
order to obtain high sensitivity and low detection 
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limits for the analyte. This will, however, limit the 
dynamic range and lower the signal-to-noise ratio of 
the m~surements. Background interference and scat- 
tered light are often a major problem when low 
reagent concentrations are used, because of the low 
signals that must be measured. In this study, a 490 
nm excitation wavelength and a 530 nm band-pass 
filter were used to minimize the scattered light signals. 
Background interference was corrected by blank sub- 
traction. 

The results of these studies indicate that: (1) 
fluorescence polarization provides better discrimi- 
nation between free and bound Ag*F than do 
fiuorescence intensity and lifetime, despite the rela- 
tively high molecular weight of insulin compared to 
that of small hapten molecules; (2) sodium salicylate 
can be used in combination with silica cuvettes to 
stabilize the intensity of Ag*F, probably by reducing 
adsorption on the cuvette walls; (3) the same reagents 
(bovine Ag*F and anti-porcine insulin Ab) can be 
used to determine both bovine and human insulin. 

Human insulin. We were able to use the same 
reagents that were used for bovine insulin (bovine 
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Fig. 7. Calibration curve for human insulin, with Ag*F 
(5.2 x lo-i0 M) and Ab (4.0 x lo dilution) in pH 7.6 

TRIZMA buffer with 0.025M NaSy. 

10 
12. E. Touitou, F. Alahaique, P. Fisher, A. Memoli, F. M. 

Riccieri and E. Santucci, J. Pharm. Sci., 1987, 76,791. 
13. J. I. Monreal, C. Viader, C. Perez-Barquero, N. Lopez- 

Moratalla, P. de Pablo and E. Santiago,. Rev. &. 
Fisiol., 1987, 43, 133. 

14. E. Touitou and P. Fisher, J. Phurm. Sci., 1986,75,384. 
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Ag:*F and anti-porcine insulin Ab) to determine 
human insulin because of the similarity between 
insulins from different species. The AP as a function 
of the concentration of human insulin is shown in 
Fig. 7. Each data point is the average obtained for 
three different sets of solutions. The curve indicates 
that the human insulin can successfully compete with 
the bovine Ag*F for Ab, causing a decrease in 
polarization. The detectability appears to be at least 
as good as for bovine insulin. A slightly higher 
sensitivity was observed for human insulin than for 
bovine insulin and may be due to the lower amounts 
of Ab used. 

CONCLUSIONS 
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Summary-A pulsed continuum xenon flash-tube is used as an excitation source in ICP-AFS. The 
simultaneous excitation of many elements is attractive and avoids the one source per element as in 
conventional ICP-AFS. In this study, the pulsed continuum flash-tube is evaluated as an excitation source 
for multielement atomic fluorescence snectrometrv in an ICP. Analytical figures of merit are given for the 
elements studied. 

The most commonly used multielement atomic spec- 
troscopy technique is inductively-coupled plasma 
atomic-emission spectrometry (ICP-AES), which 
achieves @ml detection limits, linear calibration 
over a wide range, excellent precision, and measure- 
ments free from matrix effects for most elements.‘-3 
More recent techniques include the multielement 
hollow-cathode l~~inductively~oupied plasma- 
ato~c-~uores~nce spectrometer (HCL-ICP-AFS), 
inductively-coupled plasma-mass spectrometer 
(ICP-MS), and continuum source-furnace-atomic- 
absorption spectrometer (CSF-AAS) combi- 
nations-’ The fluorescence approach results in lower 
detection limits, greater spectral selectivity, and a 
reduced emission background;4*5 the furnace atomic- 
absarption approach is applicable to smaller sample 
amounts than the ICP-AES approach. In our present 
study, we decided to capitalize on the simplicity of the 
atomic-fluore~nce spectra of virtually all elements, 
as well as the possibility of exciting all atoms (and/or 
ions) simultaneously by means of a spectral- 
continuum light-source.@ To increase the source 
spectral irradiance,9 especially in the ultraviolet, we 
used a repetitively pulsed xenon dash-Tut, and a 
gated detector to increase the measured signal-to- 
noise ratio. Here, we describe the experimental sys- 
tem and give some initial analytical figures of merit. 

fnstrumentation 
A schematic diagram of the system used is shown in 

Fig. 1. The experimental components and manufacturers are 
listed in Table 1. Source radiation from the pulsed flash-tube 
was focused into the ICP by using two lenses, Li and L2 
(both with diameter and focal lengths of JO mm): L, 
collimated the light from the flash-tube and Lr focused the 
collimated light onto the center of the ICP, above the load 
coils. The diameter of the focused beam was approximately 

*Present address: Baird Corp., Redford, MA 01730. 
tAuthor to whom correspondence should be sent. 

8 mm. Several precautions were taken to reduce the amount 
of scattered light reaching the monochromator. A light-trap 
was placed opposite the ICP, and blackened bafIIes were 
set up around the ICP. The collection lens, 5 (focal length 
178 mm), was also enclosed within a blackened tube to 
further reduce scattered light. The limiting noise of the 
system was due to scattered light from the excitation source. 

The 300-W xenon flash-tube was enclosed within a fan- 
cooled housing having a front-surface spherical mirror 
(focal length 31.5 mm) and collimating lens (L,). The lamp 
was operated from a pulsed 5-kV power supply. A 0.2~PF 
discharge capacitor provided an input energy of 5 J per 
flash, a flash half-width of cu. 680 nsec, and a peak power 
of 4.2 kW. The lamp was pulsed at 20 Hz. To help reduce 
radiofrequency (rf) noise, the entire lamp housing was 
surrounded and grounded with copper wire cloth acting like 
a Faraday cage. The fluorescence radiation was collected at 
90” to the excitation beam and a 1: 1 image of the ICP was 
focused onto the entrance slit of the monochromator (focal 
length 350 mm, reciprocal dispersion 20 &mm, and aper- 
ture f 6.8). So as to not overfill the monochromator 
collimator, an iris diaphragm was placed between Ls and the 
mon~hromator. A small fraction of the excitation light 
from the flash-tube was reflected to a photodiode which 
triggered the boxcar averager. The photocurrent pulse 
produced by the photomultiplier tube (PMT) was passed 
through a 1000-R load resistance directly into the boxcar 
input. The resulting signal pulse had an FWHM of cu. 
1.5 psec. The boxcar gate delay time (the time between the 
trigger pulse and the start of the measurement) was 700 nsec. 
The gate width (the time during which fluorescence was 
measured) was 1.8 ~sec for all cases. Thirty signals (i.e., 
30 lamp flashes) were averaged for each output signal. The 
“busy out” of the boxcar averager triggered the Stanford 
analog-to~i~tal (A/D) system to measure the output signal. 

Horizontal and vertical movement of the ICP torch was 
accomplished with two single-axis mounts allowing hori- 
zontal translation up to ca. 100 mm and vertical translation 
up to cu. 80.mm. The ICP concentric pneumatic nebulizer 
was fed by peristaltic pump to permit a lower sample uptake 
rate and thus reduce salt encrustation in the torch. The 
plasma operating conditions are listed in Table 2. 

Reagents and procedure 
All components of the experimental system were operated 

according to the directions given in the manufacturers’ 
manuals. The stock solutions were made with reagent- 
grade compounds recommended by Parsons et uL,‘~ and 

TAL. 34/1-2-u 
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Fig. i. Schematic diagram of the experiment set-up. 

Table 1. Exuerimental components 

Equipment 

Micropulser power supply 

Flash-tube 

SRS gated integrator and boxcar averager 

SRS computer interface 

Digital oscilloscope 

Monochromator 

Photomultiplier tube 

PMT high-voltage power supply 

Trigger photodiode 

Radiofrequency generator 

ICP Plasma-Therm torch 

ICP Plasma-Therm concentric nebulizer 

Microcomputer 

Peristaltic pump 

Model 

457A 

Novatron-722 

SR 250 

SR 245 

2430A 

EU-700-77 

R 928 

412A 

FND 100 

HFP 1500D 

Standard and tong 

- 

PC-XT 

Rabbit 

Manufacturer 

Xenon Corporation, Wobum, MA 01801 

Xenon Corporation 

Stanford Research Systems, Inc., 
Palto Alto, CA 94306 

Stanford Research Systems, Inc. 

Tektronix, Inc., Beaverton, OR 97077 

GCA/McPherson Co., Acton, MA 01720 

Hamamatsu, Wattham, MA 02145 

John Fluke Mfg., Co., Inc., Seattle, WA 

EG & G Electra-Optics, Salem, MA 01970 

Plasma-Therm Inc., Kresson, NJ 08053 

Precision Glassblowing of Colorado, 
Parke, CO 80134 

Precision Glassblowing of Colorado 

International Business Machines Corp., 
Boca Raton, FL 

Rainin Instrument Co., Inc., Boston, MA 

Table 2. Optimal experimental conditions* 

Element 
line? 

I AFS 3 
nm 

rf power, Observation Slit-width, 
W height, mm Pm 

Ba(II) 455.4 15 2000 
Ca(il) 393.4 ;: 27 1500 
Cd(I) 228.6 500 15 900 
Na(1) 589.6 500 IS 2000 
VI) 292.4 700 15 1100 
Cd(V§ 228.6 700 45 1000 
Mixture$ 200-800 600 15 1500 

*Other experimental conditions: sample uptake rate 1.15 ml/m& 
nebulizer pressure 31 psig; plasma Ar flow-rate 15 l./min; auxiliary 
Ar flow-rate 1-3 Ljmin. 

t(I) indicates an atomic line, (II) an ionic line (singly ionized). 
$Analysed with a long torch. 
$A mixture of the 5 elements at concentrations of 20 ppm for each 

element. 
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diluted as required. Distilled demineralized water was used 
throughout. 

For each element studied, the optimal ICP rf power, 
observation height above the ICP load coil, monochromator 
slit-width, and ICP gas flows were determined. Calibration 
graphs and limits of detection were also determined for each 
element. For measurement of the synthetic mixture contain- 
ing five elements, compromise values of the operating 
parameters were necessary. A comparison was also made of 
the results obtained with an extended ICP torch and the 
conventional torch used for most parts of this study. An 
extended ICP torch has an outer sleeve that is 40 mm longer 
than that of the conventional torch. Finally, we looked at 
the possibility of double resonance excitation of Ca by use 
of the flash-tube. 

RESULTS AND DISCUSSION 

Molecular species of non-refractory elements typi- 
cally have low molecular dissociation energies and 
are easily atomized by the plasma at lower rf powers, 
whereas those of the refractory elements typically 
have high molecular dissociation energies and are 
atomized by the plasma at higher rf powers. Also, the 
atomic and ionic populations of the sample species in 
the plasma are often greatly affected by the choice of 
rf power and observation height.‘*‘O For these initial 
studies, the dependences of the fluorescence on the rf 
power and observation height were examined inde- 
pendently, as shown in Figs. 2 and 3 respectively. 

Figure 4 shows the variation in fluorescence signal- 
to-noise with monochromator slit-width for each 
element (at optimal rfpower and observation height). 
Table 2 lists the optimal conditions (found by uni- 
variate search) for each element, based on Figs. 2-4. 

Typical calibration plots obtained under the opti- 
mal conditions are shown in Fig. 5. Table 3 lists the 
analytical figures of merit. The detection limit is 
defined as the concentration in pg/ml of the element 
in pure aqueous solution resulting in a signal that is 
three times the standard deviation of the blank 

k- 4 8 1808 

StF PONNR fNl 
Fig. 3. The effect of rf power on the fluorescence signal for 

each element. 

I@ V 
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SLIT-WIDTH ( ,u,m) 
Fig. 4. The variation in fluorescence signal-to-noise ratio for 

each element as a function of spectrometer slit-width. 
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Fig. 2. The efkct of observation height above the load coil 
on the fluorescence signal for each element. 

~ 
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Fig. 5. Analytical calibration curves for each element. 
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Table 3. Analvtical fiaures of merit 

Element Sensitivity,t LOD, Literature LOD,” 
line* mV.ml.fig- Lcnlml IIK lml 

Ba(I1) 14.1 0.09 0.05 
Ca(II) 18.4 0.03 0.0004 
Cd(I) 26.3 0.02 0.0005 
Na(I) 10.7 0.04 0.0003 
V(II) 1.88 0.4 0.1 
Cd(I)§ 14.9 0.04 - 

*See footnote t to Table 2. 
tReferred to the boxcar input. 
$Measured with a long torch. 

measurements. The electronic band-width for all 
measurements was cu. 1 Hz. Previously reported 
ICP-AFS detection limits for the same elements are 
also listed in Table 3. All the log-log calibration plots 
have slopes between 0.96 and 1.06. 

The effect of using a long torch was examined for 
cadmium as model element. The results are shown in 
Figs. 2-5 and the corresponding curves are labeled 
Cd(L). With the long torch, the fluorescence signal 
was practically constant at observation heights 
45560 mm above the load coil, whereas with the 
standard torch the signal rapidly decreased with 
increase in observation height (Fig. 2). The variation 
in signal with increase in rf power was similar in 
pattern for both torches, but the signal was signifi- 
cantly larger with the standard torch (Fig. 3). A 
similar difference was observed for the effect of 
monochromator slit-width on the signal-to-noise 
ratio, and again the standard torch gave much the 
better performance (Fig. 4). Despite this, the de- 
tection limits for cadmium were essentially the same 
with both torches (Table 3). 

Figure 6 shows a multielement scan of a synthetic 
mixture of the five elements (20 pg/ml each), with a 
standard torch. The most intense fluorescence line of 
each element except vanadium was excited and ob- 
served (see Table 2). The most intense fluorescence 
signals for vanadium are at 309-310 nm, i.e., in 
the middle of a strong OH band.” Therefore, the 

I I I I 

200 300 400 500 600 

Fl uorescence Wave1 ength (nm) 

Fig. 6. A multielement analysis of a synthetic mixture of the 
five elements studied. 

next most intense fluorescence line of vanadium at 
292.4 nm, was observed. 

We were unable to detect any instances of double 
resonance fluorescence of calcium as described by 
Omenetto et al., I3 who observed double resonance 
excitation of Ca with two different dye lasers 
(pumped by an excimer laser), one laser giving ex- 
citation at 396.847 nm and the other at 370.603 nm, 
the fluorescence being observed at 373.690 nm. 

CONCLUSION 

The work presented thus far shows promising 
results for the use of a flash-tube in ICP-AFS. The 
present system would appear to have considerable use 
in multielement analysis even though the detection 
limits for each element were at least an order of 
magnitude poorer than the best reported in the 
literature. Future work on this project will involve 
studies to improve the detection limits so as to 
be competitive with the present commercial atomic 
spectrometry systems. Improvements could be made 
by better rf shielding, decreased excitation source 
scatter, and better and more efficient collection of the 
fluorescence signal. Since the limiting noise in our 
system was due to scattered light from the flash-tube, 
efforts will also be made to reduce scattered light by 
using non-resonance fluorescence emission filters and 
better light-traps. An ultrasonic nebulizer will also be 
used for the more efficient sample uptake into the 
ICP. 
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Summary-Experimental values of fluorescence quantum yield, phosphorescence quantum yield, and 
phosphorescence lifetime were obtained at temperatures from 23” to - 180” for 4-phenylphenol adsorbed 
on filter paper. From the experimental values, rate constants for phosphorescence and radiationless 
transition from the triplet state were calculated along with the triplet formation efficiency. The data 
revealed several important aspects that are responsible for the room-temperature fluorescence and 
phosphorescence of 4-phenylphenol adsorbed on filter paper. 

Solid-matrix room-temperature fluorescence (RTF) 
and solid-matrix room-temperature phosphorescence 
(RTP) are important analytical techniques in organic 
trace analysis. i,* Relatively little research has been 
done to clarify the interactions needed for RTF and 
RTP. In particular, the interactions needed for strong 
RTP signals have not been fully elucidated. It has 
been shown by a variety of spectral techniques that 
the anion of p -aminobenzoic acid can be held by two 
sodium acetate molecules, which allows strong RTP 
signals to be observed.’ Recent reports have discussed 
the physicochemical interactions of p-aminobenzoic 
acid adsorbed on sodium acetateM and on an 
a-cyclodextrin/sodium chloride mixture.’ 

Filter paper is the matrix most widely used for 
obtaining RTP from adsorbed compounds. Never- 
theless, little is understood about the interactions 
needed with filter paper for RTP to occur. Schulman 
and Parkers postulated that hydrogen bonding of 
ionic organic compounds to hydroxyl groups on filter 
paper was the primary mechanism giving a rigid 
sample matrix for RTP. Andino et ~1.~ used X-ray 
photoelectron spectroscopy to study the surface pro- 
cesses in RTP in the presence of heavy atoms. They 
observed that the extent of penetration of the heavy 
atoms or ions seemed to exceed that of the organic 
compound. Su and Winefordner”’ also used X-ray 
photoelectron spectroscopy to study heavy 
atom-analyte-substrate interactions in RTP. Suter et 
al.” considered hydrogen-bonding properties in- 
volved in RTP with a cellulose substrate. They also 
reported that totally symmetric vibrational bands are 
predominantly enhanced for dibenzo[f, hlquinox- 
aline adsorbed on filter paper with a heavy atom 
present.‘* Their results led to improved spectral 
assignments which would permit more accurate 
identification of compounds in mixtures. Other 

*Author for correspondence. 

workers have proposed various interactions that are 
important in understanding solid-matrix RTP.‘&” 

In this work, a somewhat different approach has 
been undertaken to study solid-matrix luminescence 
interactions. The fluorescence quantum yield, phos- 
phorescence quantum yield, and phosphorescence 
lifetime values for 4-phenylphenol adsorbed on filter 
paper were obtained over a wide temperature range. 

EXPERIMENTAL 

Reagenis 

Absolute ethanol was purified by distillation. 
CPhenylphenol (Aldrich) was recrystallized from ethanol. 
Sodium salicylate (Gold Label, Aldrich) and sodium acetate 
(anhydrous, Baker Analyzed Reagent) were used as re- 
ceived. The filter paper (Whatman No. I) was eluted with 
ethanol to collect impurities at one end prior to use. 
Nitrogen was purified as reported earlier;’ it was used to 
cool the sample to the desired temperature, and was passed 
into the cell compartment. 

Apparatus 

The instrumental setup used for the quantum yield 
and phosphorescence lifetime studies was that described 
previously.’ 

Procedures 

Powdered samples of sodium acetate (blank), and sodium 
salicylate/sodium acetate (1: 75) (standard) were prepared as 
renorted earlier.’ For filter paper, a solution of 250 np; of 
4-phenylphenol in 2 ~1 of eihanol-water (80: 20 v/v) sa%u- 
ated with sodium chloride was spotted onto the top of a 
pack of five i-in. diameter filter paper circles. The filter 
paper circles were held in the depression of the Delrin 
sample holder and treated as described previously.‘6 

The procedures used to determine the quantum yields and 
phosphorescence lifetimes for 4-phenylphenol adsorbed on 
filter paper along with sodium chloride were essentially the 
same as those outlined earlier,J except for the following 
modifications made to improve the procedure for the deter- 
mination of quantum yields. 

For the measurement of reflectance bands, I-nm band- 
pass slits were used in the entrance and exit ports of the 
excitation monochromator, instead of the beam-aperture 
reducer and 2.5-nm band-pass slits in the excitation mono- 
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chromator used previously. I6 This change eliminated the 
need to check the position of the beam-aperture reducer 
whenever the slits were changed in the excitation mono- 
chromator or the phosphoroscope was turned on and off. 
This change also allowed the thermopile reading of the 
corrected-excitation unit to be set to 80 at 467 nm, instead 
of the previously used setting of 30,16 resulting in use of a 
lower gain in the electronic amplification and hence a less 
noisy signal. Furthermore, in the absence of the beam- 
aperture reducer, even weak phosphors could be excited to 
yield emission spectra of measurable intensity. The 
fluorescence emission spectra of the standard and the blank 
were also recorded with the same slits so that the quantum 
yield of the standard could be calculated by an absolute 
method.r6 

The standard, analyte and the corresponding blanks were 
used on the same day for recording their spectra at a given 
temperature. This minimized the error associated with 
changes in source intensity of the xenon lamp from day to 
day. 

The background phosphorescence of the filter paper blank 
was subtracted from the phosphorescence of the 4-phenyl- 
phenol adsorbed on the filter paper. The standard, analyte 
and the blanks were all excited with 270 nm radiation. 

RESULTS AND DISCUSSION 

Solid-matrix luminescence quantum yields as a 
function of temperature 

We have recently reported the effects of tem- 
perature on the fluorescence and phosphorescence 
properties of p-aminobenzoic acid adsorbed on 
sodium acetate.’ Using methods similar to the ones 
developed earlier,5,‘6 we have obtained the 
fluorescence quantum yield (&) and phosphorescence 
quantum yield (4,) values for 4-phenylphenol ad- 
sorbed on filter paper from ethanol solutions satur- 
ated with sodium chloride. Sodium chloride was used 
because relatively strong RTP signals had been ob- 
tained from 4-phenylphenol present with this salt on 
filter paper.15 4-Phenylphenol was chosen as a model 
compound because some of its solid-matrix lumin- 
escence properties had previously been investigated 
on filter paper.15 Table 1 lists the quantum yield 
values obtained for 4-phenylphenol. The samples 
were dried prior to quantum yield measurements and 
all measurements were made with the samples in a 
nitrogen atmosphere so there would be little, if any, 
quenching from water and oxygen. The data in Table 

Table I. Fluorescence and phosphorescence quantum yields 
from 23” to - 180” for 4-phenylphenol adsorbed on filter 

naner 

Temperature, “C 

23 
0 

-40 
-80 

-120 
-180 

Fluorescence Phosphorescence 
quantum quantum 
yield, &* yield, &* 

0.33 0.020 
0.47 0.072 
0.46 0.12 
0.45 0.25 
0.50 0.36 
0.51 0.53 

*Average of duplicate runs. The pooled standard deviations 
for the fluorescence and phosphorescence quantum 
yields were 0.04 and 0.01, respectively. 

1 show that & increased by 54.5% between 23” and 
- 180”. This is in contrast to the & values for 
4-phenylphenol adsorbed on 80: 20 w/w u-cyclo- 
dextrin/sodium chloride, which showed no increase 
when the temperature was changed from 23” to 
- 1 800.’ The & values given in Table 1 for 4-phenyl- 
phenol show a dramatic increase, changing from 
0.020 at 23” to 0.53 at - 180”. For 4-phenylphenol 
adsorbed on the a-cyclodextrin/sodium chloride mix- 
ture, the 4, values increased from 0.08 (23”) to 0.34 
(- 18O”C).’ Changes in the 4r and &, quantum yields 
at 23” and - 180” have also been reported for p- 
aminobenzoic acid adsorbed on sodium acetate’ and 
for p-aminobenzoic acid, benzo( f )quinohne, and 
phenanthrene adsorbed on a-cyclodextrin/sodium 
chloride mixtures.‘.” 

The very large increase in the & values on cooling 
to - 180” indicates that 4-phenylphenol is not as 
strongly held on filter paper at room temperature as 
at low temperature. This is most likely due to the 
phenyl ring of the molecule not strongly interacting 
with the surface. In related experiments, the 4r values 
for 4-phenylphenol in ethanol were found to be 0.17 
at 23” and 0.26 at - 196”. Comparison with the & 
values in Table 1 shows that the solid-matrix & 
values are all higher than the solution phase #r values. 
The fact that the 4r values are higher on filter 
paper are thus important analytically. The room- 
temperature &, value for 4-phenylphenol on filter 
paper (Table 1) is low, as is normally the case for 
room-temperature phosphorescence quantum yields 
for compounds adsorbed on solid matrices. However, 
lowering the temperature to - 80” gives a 4, value on 
filter paper that is greater than the 4, value of 0.18 
obtained in ethanol at - 196°C. This could prove to 
be important analytically because it is experimentally 
easier to obtain a temperature of -80” than one of 
- 196”. 

The effects of temperature on phosphorescence lifetime 

The change in phosphorescence lifetime (7,,) with 
temperature for p-aminobenzoic acid adsorbed on 
sodium acetate has already been reported.5 The graph 
of 7p as a function of temperature showed a linear 
portion with a negative slope between 23” and about 
- 140” and then a plateau region from about 
- 140” to - 196” with essentially no change in 
lifetime. Oelkrug and co-workers’*-20 have reported 
similar solid-matrix phosphorescence lifetime curves 
for polycyclic aromatic hydrocarbons adsorbed on 
y-alumina. However, for 4-phenylphenol adsorbed 
on filter paper impregnated with sodium chloride, 7p 
decreased linearly as the temperature was increased 
from - 180” to 23” (Table 2) and was essentially the 
same as for 4-phenylphenol adsorbed on filter paper 
alone, at the same temperatures, with f 0.1 set 
reproducibility. Also only one decaying component 
was found, at all temperatures. Two decaying 
components were reported for p-aminobenzoic acid 
adsorbed on sodium acetate.’ 
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Table 2. Phosphorescence lifetimes of 
4-phenylphenol adsorbed on filter paper 

Temperature, “C Lifetime (r,)*, set 

23 1.38 
0 1.53 

-40 1.69 
-80 1.96 

-120 2.22 
-180 2.53 

*Average of duplicate runs. The pooled 
standard deviation for all the runs was 
0.06 sec. 

Luminescence parameters 

To help in understanding the interactions re- 
sponsible for solid-matrix luminescence from organic 
compounds, it is important to know the fundamental 
luminescence parameters. Ramasamy and Hurtubise’ 
summarized the calculation of the rate constants for 
phosphorescence (k,), for the radiationless transition 
from the triplet state (k,), and of the triplet for- 
mation efficiency (4,) for p-aminobenzoic acid ad- 
sorbed on sodium acetate. In this work, a similar 
approach was used to calculate k,, k,, and 4, for 
4-phenylphenol adsorbed on filter paper. 

Equation (1) gives 4, in terms of unimolecular rate 
constants, where ki, is the rate constant for inter- 
system crossing, kr is the rate constant for 
fluorescence, and k, is the rate constant for internal 
conversion from the singlet state. 

The approach used to calculate 4, for compounds 
adsorbed on solid matrices has been discussed pre- 
viously.5.6 Because the ratio &/T~ for 4-phenylphenol 
on filter paper was not constant with temperature, 
equation (2) was used to calculate &.5*6.21 The primed 
terms in equation (2) refer to the low-temperature 
values (- 1 SO’). 

4,=$&P: -$g(l-d;) (2) 

The substitution of 1 - 4; for 4; in equation (2) 
should be reliable because 95; is measured at low 
temperature (- 1 80”),5.6.2’ and the expression thus 
obtained was used to calculate the 4, values, which 

are listed in Table 3 and varied over a wide range, 
with the smallest value obtained at 23”. 

Equation (3) was employed to calculate the kr, 
values,6 which are given in Table 3, 

9, = 4t4l7p (3) 

The average k, values are the same at all tem- 
peratures, which would be expected because k, is 
considered a fundamental molecular parameter. 
The radiationless transition rate constants from the 
triplet state (k,) were calculated from equation (4) 
with the experimental tp values and the calculated kP 
values, and are given in Table 3. 

1 

7p = k, 

They decrease from the largest value at room tem- 
perature to essentially zero at - 180” (the negative 
value at - 180” is due to experimental error). Because 
the measurements were made with the samples pro- 
tected by a nitrogen atmosphere and under dry con- 
ditions, quenching effects due to water and oxygen 
would be minimal. However, if quenching impurities 
were present in the filter paper, the value of k, 
calculated from equation (4) would not be correct. 
The term Zk,[q] would have to be added to the 
denominator of equation 4, where k, is the rate 
constant for bimolecular quenching and [qj is the 
concentration of quencher, and the value obtained 
for k, would in fact be k, + Zk,[q]. Under the 
conditions of the experiment, quenching impurities in 
the filter paper were not determined. Thus, there was 
no simple way of assessing whether the nonradiative 
loss of energy from the triplet state was described by 
k, or by k,,, + Zk,[q]. Nevertheless, the value of k,,, 
calculated from equation (4) gives a measure of the 
nonradiative loss of energy. 

interpretation of luminescence parameters 

As mentioned earlier, k, was constant with tem- 
perature, which indicates that it is mainly a function 
of the molecular structure of the model compound. 
The rate constant for the radiationless transition 
from the triplet state, k,, decreased with tempera- 
ture. This suggested that k, depends on how rigidly 
the 4-phenylphenol is held in the matrix. A similar 

Table 3. Luminescence parameters for 4-phenylphenol adsorbed on filter 
Paper* 

Temperature, “C k,, set-’ k,, set-’ 

23 0.035 (0.003) 0.42 (0.00) 0.30 (0.01) 
0 0. I1 (0.02) 0.42 (0.00) 0.24 (0.01) 

-40 0.16(0.01) 0.42 (0.00) 0.17 (0.02) 
-80 0.30 (0.01) 0.42 (0.00) 0.094 (0.024) 

-120 0.38 (0.01) 0.42 (0.00) 0.033 (0.024) 
-180 0.50 (0.01) 0.42 (0.00) -0.024(-0.016) 

*The results are the average of duplicate runs. The numbers in parentheses 
are the absolute differences between the results for the duplicate runs. 
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conclusion was reached for the k, values for p- The linear relationship in Table 2 is somewhat 
amino~~oic acid adsorbed on pure sodium acetate anomalous compared to the earlier results for p- 

and on mixtures of sodium acetate with sodium aminobenzoic acid adsorbed on sodium acetate5 and 
chloride.s*6 However, as also mentioned above, there the results reported by Oelkrug and co-workerPO 
may be impurities in the filter paper that would cause for compounds adsorbed oti solid matrices. Normally 
quenching of the phosphorescence signal. As the a plateau is obtained at lower temperatures and rP 
temperature is lowered, the quenching impurities becomes independent of temperature. From graphs 
could be inhibited from interacting with the phosphor of this type, an activation energy (E.) can be obtained 
as the matrix becomes more rigid. It would be which is an approximate measure of how strongly a 
necessary to evaluate Xk,[q] to assess the magnitude compound interacts with the matrix.‘&“0 Table 1 
of quenching and this information is not yet avail- shows that #, is very sensitive to temperature, and 
able. However, Table 2 shows that r’p is a linear Table 3 shows that 4, is also very sensitive to 
function of the temperature. It would seem that if temperature. Neither Cp, nor Qt, reached a constant 
both k,,, and Xk,[ql were a function of temperature value over the temperature range investigated, which 
then a more complicated relationship would be ob- suggests that the flexibility of 4-phenylphenol is a 
tained between 7p and temperature. Thus, the term factor in giving a relatively low & at room tem- 
Ck,[qj probably had a minimal influence on 5p perature. To estimate the activation energy of the 
[see equation (4) and discussion under Lu~~en~cence 4-phenylphenol adsorbed on filter paper, the value at 
parameters]. which rP became independent of temperature was 

I-- T_ 
IC:64% 

1 P:2% 

23*C 

IC: 42% 

Sl 

P.25% 

T- 
P:36% 

t 

Sl 

F:!51% 

Fig. 1. Energy diagrams for 4-phenylphenol adsorbed on filter paper at different temperatures. &,-ground 
state, S,-singlet state, T,-triplet state, F-fluorescence, K-internal conversion, ISC-intersystem 

crossing, P-phosphorescence. 
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calculated by arbitrariiy selecting values of rE $0 that 
a pfot of ln[&, - l/r; J against the inverse of the 
absolute temperature gave the best straight Iine.‘” 
The term 7; is the value of T,, at which the lifetime 
becomes independent of temperature. From the slope 
of the line, E. was calculated to be 371 cm-‘. For 
p-aminobenzoic acid adsorbed on sodium acetate, 
the average E, for the rapidly and slowly decaying 
components of p-aminobenzoic acid was 392 cm-‘,’ 
which is similar to the calculated value for 
~phenyIpheno1 adsorbed on filter paper. The acti- 
vation energy can he considered as a measure of how 
strongly a compound interacts with the matrix.‘8~19 
However, the exact meaning of E. is not yet fully 
elucidated.23 

Because it was not possible under the experimental 
conditions to obtain all the rate constants for the 
various radiative and nonradiative processes for ad- 
sorbed 4-phenylphenol, the fractions of absorbed 
photons involved in radiative and nonradiative tran- 
sitions were calculated.6*24 By use of the #+, A and #, 
values in Tables 1 and 3, the diagrams in Fig. 1 were 
constructed.6 From the diagrams, it is observed that 
the percentage internal conversion decreases with 
temperature, and becomes zero at - 180”. It was 
earlier observed that the degree of internal conversion 
was zero at - 180“ for ~phenylphenol adsorbed on 
80% ff~yclodext~n/s~ium chloride mixture and 
0.05% a-cyclodextrin/sodium chloride mixture.’ Also 
the extent of intersystem crossing from the S, state to 
the T, state increased significantly for 4-phenylphenol 
as the temperature was lowered (Fig. 1). At -180” 
the intersystem crossing yield was 16.3 times greater 
than that at room temperature. For 4-phenylphenol 
adsorbed on 80% a-cyclodext~n/s~di~ chloride, 
the intersystem crossing yield increased by a factor of 
about two when the temperature was lowered from 
room temperature to - 180”. Interestingly, the inter- 
system crossing from the triplet state to the ground 
state did not vary much with temperature. It was 
calculated that there was no intersystem crossing to 
the ground state at - 180”. In previous work, a 
relatively high degree of intersystem crossing to the 
ground state was observed for 4-phenylphenol ad- 
sorbed on 80% a~yclodextrin/sodium chloride at 23” 
and -180”.’ It is clear from Fig. 1, that at room 
temperature a large fraction of the energy absorbed 
is lost by internal conversion. This most likely results 
from the adsorption of 4-phenylphenol on filter paper 
being relatively weak because the only polar group in 
the molecule is the hydroxyl function. Also, the 
nonrigid structure of ~phenylphenol can result in 
several vibrational modes in the ground state and 
excited singlet state which could provide channels for 
the nonradiative loss of absorbed energy. As the 
temperature is lowered, the C#J, values increase signifi- 
cantly, and this is mainly a result of the decreasing 
degree of internal conversion with temperature. 
Generally, the results in Fig. 1 support the postulate 
that a rigid analyte-substrate structure is responsible 

for the RTP from ~phenylphenol; this is mainly 
deduced from the large decrease in internal con- 
version with temperature and the increase in inter- 
system crossing with temperature, from the St state 
to the r, state. Apparently, Cphenylphenol is held 
strongly enough at room temperature by hydrogen 
bonding of the hydroxyl groups of the filter paper to 
both the hydroxyl group of 4-phenylphenol and the 
phenyl ring of the molecule to permit the rigidity 
needed for RTP. As mentioned earlier, moisture 
and oxygen would not cause a quenching problem, 
because of the conditions of the experiment. 

CONCLUSIONS 

Both the triplet formation efficiency and phos- 
phorescence quantum yields for 4-phenylphenol are 
very sensitive to temperature. This indicates that the 
RTP of ~phenylpheno1 is a function of how rigidly 
the molecufe is held to the filter paper surface. 
Because the rate constant for the radiationless tran- 
sition from the triplet state is essentially zero at 
- 180”, it can be concluded that nonradiative loss of 
energy from the triplet state does not occur at this 
temperature. However, the energy level diagrams for 
Qphenylphenol reveal the relative complexity of the 
luminescence processes for solid-matrix luminescence 
analysis and indicate that several phenomena have to 
be considered in explaining the interactions for RTF 
and RTP. 
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Summary-3-Benzoyl-2-quinolinecarboxaldehyde has been synthesized and characterized for use as a 
precolumn fluorogenic reagent for the ultrahigh sensitivity determination of primary amines by micro- 
column liquid chromatography with laser-induced fluorescence detection. The reaction conditions and the 
spectral properties of the derivatives were investigated with standard amino-acids. The detection limits, 
with an H&d laser operated at 442 nm, are in the low femtogram range. The linear dynamic range is 
at least three orders of magnitude. The separation of a standard amino-acid mixture and the high- 
sensitivity analysis of a hydrolyzed protein sample are demonstrated. 

Determination of primary amines (e.g., amino-acids 
and peptides) resulting from the controlled de- 
gradation of proteins is an important area in modern 
biochemical research. In conjunction with precolumn 
or postcolumn derivatization, high-performance 
liquid chromatography (HPLC) is the most common 
method of analysis for such compounds. A number 
of fluorogenic reagents specific for the amino-group, 
such as fluorescamine,’ 7-chloro-4_nitrobenzene- 
2-oxa-1,3-diazole (NBD-chloride),’ o-phthalaldehyde 
(OPA),‘,4 ninhydrin5 and naphthalene - 2,3 - 
dicarboxaldehyde (NDA),6 have been developed for 
the purpose, and will give detection of primary 
amines at picomolar concentrations. 

OPA has become the most popular fluorogenic 
reagent for pre- and post-column derivatization in 
chromatographic determination of amino-acids. 
OPA, itself non-fluorescent, reacts with primary ami- 
nes to form an intensely fluorescent isoindole with an 
absorption maximum at 430 nm, but its use, particu- 
larly in a precolumn, is somewhat restricted by its 
sensitivity to auto-oxidation and attack by light and 
acids.’ 

De Montigny et ~1.~ have recently described an- 
other fluorogenic reagent, NDA, which forms a more 
stable isoindole derivative than the OPA product 
from a primary amine. The improvement in stability 
results, in part, from the use of cyanide instead of a 
thiol as a nucleophilic reagent, resulting in substi- 
tution of a nitrile group instead of a thiol group on 
the isoindole ring. 

The reagents so far developed usually display 
detection limits in the picogram range when used with 

*Author for correspondence. 

conventional chromatographic systems and detection 
schemes. Sensitivity on this scale is inadequate for the 
analysis of protein hydrolysates resulting from state- 
of-the-art protein microisolations. Such micro- 
isolation strategies, based on packed-capillary LC, 
feature detection limits in the low picogram range for 
proteins, with nearly 100% recovery.**9 When hydro- 
lyzed, picogram amounts of bovine insulin, for exam- 
ple, will yield only trace quantities of the free amino 
acids. Our goal in the development of fluorogenic 
reagents is the capability for routine analysis of the 
degradation products from femtomole, or smaller, 
protein samples, by micro-LC with laser-induced 
fluorescence (LIF) detection. 

We have recently described a general approach to 
synthesis of fluorogenic reagents containing a variety 
of functional moieties so that the absorption maxima 
of their derivatives may be tuned to fit in with the 
desired detection scheme.‘O Through this strategy, 
we have developed 3-(2-furoyl)quinoline-2-carbox- 
aldehyde (FQCA),” a reagent which reacts with 
amines to yield isoindoles with absorption maxima at 
490 nm, and hence is ideal for use with the argon-ion 
laser, and also 3-benzoyl-2-quinolinecarboxaldehyde 

@QCA),‘” a fluorogenic reagent yielding derivatives 
with absorption maxima compatible with the 442 nm 
line of the He-Cd laser. Here we extend the descrip- 
tion of the latter reagent (structure shown below). 

321 
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Implementation of a laser as an excitation source 
for fluorimetric LC detection has provided greatly 
reduced detection limits in a variety of experi- 
ments.‘*-” Excitation in the visible range eliminates 
many interferences from species present in biological 
samples (many of these species have excitation max- 
ima in the ultraviolet region). Here we will show how 
this can be exploited with BQCA in analysis of 
protein hydrolysates. 

EXPERIMENTAL 

Chemicals 

2-Nitrobenzaldehyde was obtained from Aldrich Chem- 
ical Co. (Milwaukee., WI). A set of L-amino-acids (kit 
# LAA-21) from Sigma (St. Louis, MO) was used without 
further purification. The hydrochloric acid was “sequanal” 
grade (Pierce Chemical Co., Rockford, IL). All other solid 
chemicals were analytical reagent grade from Fisher Co. 
(Fairlawn, NJ). Acetonitrile from Burdick &Jackson (Mus- 
kegon, MI) was used without purification. The water used 
was distilled and demineralized. The identity of all inter- 
mediates was established by NMR and/or mass spectral 
data. 

Synthesis of BQCA 

R 

Derivatization procedure 

Individual amino-acids were dissolved in water to give 
IOmM~lutions. For the preliminary fluorescence studies 20 
~1 of the amino-acid solution, 50 pl of BQCA solution (10 
mg/ml in ethanol), and 100 pl of 1OmM potassium cyanide 
were added to 200 pl of methanol and mixed. One ml of a 
0.2M phosphate buffer, adjusted to the required pH, was 
also added for the pH studies. Except for the study of the 
development of the fluorescence, the mixtures were allowed 
to react for at least an hour before measurement. 

Chromatographic instrumentation 

The micro-LC system consisted of a Varian 8500 syringe 
pump (Walnut Creek, CA) modified to operate at constant 
pressure. Injections were made by the stopped-flow method. 
The laser-based detection system, shown schematically in 
Fig. 1, utilizes an Omnichrome (Chino, CA) He-Cd laser, 
with 50 mW output at 442 nm. The microcolumn was 
prepared by slurry-packing a 500 x 0.25 nm fused-silica 
capillary (Polymicro Technologies; Phoenix, AZ) with 5-pm 
C,, particles (Shiseido Co., Yokohama, Japan). 

Spectrometric measurements 

A Hewlett-Packard (Palo Alto, CA) model 5980A mass 
spectrometer was used for identification of the synthesis 

4 
BQCA 

oJJL=SeOa A=p-toluidine; B=Na,S*9H,O; Cs \ / 

- 

A mixture of 9.69 g (90.5 mmole) ofp-toluidine and 10.89 
(72.1 mmole) of o-nitrobenzaldehyde (1) in 25 ml of 

ethanol was allowed to react for 5 min, ‘then the yellow 
precipitate was filtered off, washed with cold ethanol, and 
air-dried. Additional solid was obtained by adding water to 
the ethanol wash; total yield 16.0 g (66.7 mmole, 93%). The 
2-nitro-N-(p-tolyl)benzaldimine (2) thus formed was re- 
duced to 2-amino-N-(p-tolyl)benzaldimine (3) by the pro- 
cedure outlined by Borsch et al. ‘* A mixture of 3.23 g (15.4 
mmole) of this compound (3), 2.40 g (15.4 mmole) of 
benzoylacetone and 300 p 1 of piperidine in 25 ml of ethanol 
was heated under reflux for 20 hr. under nitrogen. After 
addition of water, the solution was distilled to remove excess 
of starting materials. The residue was washed with 3M 
sodium hydroxide and dried. The total yield of 
3-benzoyl-2-methylquinoline (4) was 3.31 g (13.4 mmole, 
87%). A mixture of 80 mg (0.32 mmole) of (4) and 40 mg 
(3.6 mmole) of selenium dioxide in 2 ml of glacial acetic acid 
was heated for 12 hr at 82”, then cooled to 5”, and finally 
0.5 ml of 1M potassium hydroxide was added. The mixture 
was extracted with diethyl ether. The extract was washed 
with water, and dried with anhydrous sodium sulphate, then 
evaporated to yield 72 mg (0.28 mmole, 86%) of yellow 
crystals of BQCA. 

intermediates and products, by means of the direct insertion 
probe. Static fluorescence measurements and spectral data 
were obtained with a Perkin-Elmer (Norwalk, CT) 650 
spectrofluorimeter equipped with xenon arc lamp, powered 
by a Perkin-Elmer 150 xenon power supply. 

RESULTS AND DISCUSSlON 

It has been shown that isoindoles are extremely 
sensitive to electrophilic attack” or auto-oxidation’ 
at the two positions adjacent to the nitrogen atom of 
the indole system. Consequently, we have chosen to 
investigate keto-aldehydes rather than dialdehydes as 
fluorogenic reagents. Use of a keto-aldehyde leads to 
replacement of the hydrogen atom on one of the 
carbon atoms adjacent to the isoindole nitrogen 
atom, with a concomitant increase in stability. We 
can also take advantage of the keto-aldehyde type of 
reagent to introduce various substituents into the 
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Fig. I. Schematic of the laser-induced fluorescence detection system. LA, laser; M, mirror; NDF, neutral 
density filter; CH, chopper; LI, lock-in amplifier; PA, current-sensitive preamplifier; R, recorder; PMT, 
photomultiplier tune; HV, high-voltage supply; F, optical filter; L, lens; A, aperture; FC, capillary flow 

cell; C, capillary column. 

product, thereby “tuning” its absorption maximum. 
It has been reported by de Montigny et al6 that the 
use of cyanide instead of a thiol as the nucleophihc 
substituent in the derivative formation increases both 
the fluorescence intensity and stability of the iso- 
indoles relative to OPA, presumably because of its 
electron-withdrawing characteristics. We have done 
the same, thus replacing the other hydrogen atom in 
the isoindole grouping by a nitrile group. We assume 

BQCA-GLY 

I I I I I I I I 
300 350 400 450 500 550 600 650 

Wavebngth (nm) 

Fig. 2. Excitation and emission spectra of the BQCA 
derivative of glycine. 

that the reaction mechanism is similar to that for use 
of a thioL20 

The excitation and emission spectra, obtained at a 
scan-rate of 60 nm/min, for the glycine derivative of 
BQCA are shown in Fig. 2. The excitation maximum, 
which is representative of the other amino-acid deriv- 
atives, is at 455 nm, sufficiently close to the 442 nm 
line of the H&d laser for this to induce a 
fluorescence intensity that is about 90% of the 
maximum attainable. The emission maximum is at 
545 nm. 

It has been previously showni that isoindoles 
derived from BQCA are more stable than the corre- 
sponding OPA derivatives. Once a stable fluorescence 
intensity is reached, that level is maintained for 
several hours. We have found that if the derivatives 
are stored dry (in a freezer) they do not decompose 
for at least two weeks. 

Several factors that influence the yield of derivative 
have been studied. These included the amount of 
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Fig. 3. Fluorescence intensity US. molar excess of BQCA. 
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Fig. 4. Fluorescence intensity us. molar excess of cyanide. 

reagent and cyanide present, as well as the pH. 
Figures 3 and 4 show at least a 4-fold molar excess 
of BQCA and a Sfold molar excess of cyanide is 
required for the fluorescence intensity to be indepen- 
dent of the amounts of these two reagents. 

The corresponding influence of pH is presented in 
Fig. 5. For this investigation, equimolar amounts of 
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Fig. 5. Effect of pH on fluorescence yield (+ = methionine, 
0 = lysine). 

methionine and lysine were reacted in 1 ml of 0.2M 
phosphate buffer, adjusted to the appropriate pH. 
The mixture was diluted to 3 ml with 50% aqueous 
methanol and the fluorescence intensity at 550 nm 
was plotted as a function of pH. The results indicate 
that the fluorescence is maximal when a pH of about 
8 is used. This pH can be realized by means of the 
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Fig. 6. (a) Chromatogram of standard amino-acid mixture (15 ng of each) (b) Chromatogram of hydrolysis 
products from 171 fmole of myoglobin. Peaks: (1) His; (2) Glu; (3) Gin; (4) Thr; (5) Asp; (6) Ser; (7) Tyr; 

(8) Gly; (9) Ala; (IO) Arg; (II) Met; (12) Val; (13) Ile; (14) Leu; (15) Phe; (16) Lys. 
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cyanide added, without addition of a buffer, so the 
methanol/water solvent system can be used as the 
reaction medium. It should be noted that at this pH 
the cyanide will be extensively hydrolysed, and 
mainly in the free acid form (HCN). 

The utility of BQCA for amino-acid analysis is 
demonstrated in Fig. 6, which shows the micro-LC 
separation of the BQCA-derivatives of the amino- 
acids. The upper trace is a chromatogram of a 
standard amino-acid mixture (15 ng of each acid) and 
the lower is the chromatogram of the products from 
acid hydrolysis of 171 fmole of myoglobin. This 
amount of myoglobin was hydrolyzed in a few hun- 
dred ~1 of acid, and the free amino-acids were then 
derivatized with BQCA. The solvent was removed by 
lyophilization, and the residue was taken up in 2-3 ~1 
of methanol. The whole of this was injected onto the 
column by the stopped-flow method, and the amino- 
acids were eluted with a stepwise gradient from 25 to 
50% acetonitrile in water, at a constant concen- 
tration of 0.1% v/v acetic acid and 0.2% v/v tri- 
ethylamine in the mobile phase. Calibration graphs 
for glycine and serine were linear over at least three 
orders of magnitude. 

In summary, we have synthesized a useful reagent 
for producing fluore~ent derivatives of primary ami- 
nes, suitable for analysis by micro-LC with LIF 
detection at 442 nm. The reagent, in the presence of 
a primary amine and an appropriate nucleophile (we 
have chosen cyanide) forms an intensely fluorescent 
isoindole with an absorption maximum which is close 
to the 442 nm line of the He-Cd laser. The reaction 
proceeds reproducibly under mild conditions (pH 
-8, room temperature), and the products are stable 
for several hours in solution. Through the use of 
micro-LC/LIF, we have reduced the routineiy ac- 
hievable mass detection limits to the femtomole 
range, with few interferences. Moreover, we have 
demonstrated that a complete analysis, from hydro- 
lysis to separation and detection, can be achieved 
with as little as 171 fmole of a protein, which is on 
the scale of the protein micro-isolations recently 
reported by this laboratory.sJ Micro-LC/LIF is ide- 
ally suited for this type of sample-limited trace 

analysis. The inherently small volume and hence 
greater mass sensitivity featured in micro-LC make it 
the separation mode of choice in this case. In addi- 
tion, LIF with proper derivatization can further 
enhance the sensitivity. Thus, micro-LC/LIF may be 
a very suitable tool for use by chemists and biochem- 
ists interested in extremely small biological objects 
and their trace analysis. 

Acknowfedgeme~f-This research was supported by a grant 
from the National Institute of General Medical Sciences, 
United States Public Health Service, grant # PHS ROl GM 
24349. 

REFERENCFS 

1. S. Stein, Arch. Eiochem. Biophys., 1974, 163, 400. 
2. P. B. Ghosh and M. W. whitehouse, Biochem. J., 1%8, 

108, 155. 
3. M. Roth, Anal. Chem., 1971, 43, 880. 
4. S. S. Simons, Jr. and D. F. Johnson, J. Am. Chem. Sot., 

1978, 98, 7098. 
5. M. Rubenstein, S. Chen-Kiang, S. Stein and S. Uden- 

friend, Anal. Chem., 1979, 95, 117. 
6. P. de Montigny, J. F. Stobaugh, R. S. Givens, R. G. 

Carlson, K. Srinivasachar, L. A. Sternson and T. Hig- 
uchi, ibid., 1987, 59, 1096. 

7. R. Bonnett and S. North, Adv. Het. Chem., 1981, 29, 
395. 

8. C. L. Flurer, C. Borra, S. Beale and M. Novotny, Anal. 
Chem., 1988, 68, 1826. 

9. C. L. Flurer, C. Borra, F. Andreolini and M. Novotny, 
J. Chromutog., 1988, 448, 73. 

10. S. Beale, J. Savage, D. Wiesler, S. Wietstock and M. 
Novotny, Anal. Chem., 1988, 68, 1765. 

11. S. Beale, D. Wiesler and M. Novotny, to be published. 
12. L. W. Hershberger, J. B. Callis and G. D. Christian, 

Anal. Chem., 1979, 51, 1444. 
13. E. S. Yeung and M. J. Sepaniak, &d., 1980,52,1465A. 
14. R. B. Green, ibid., 1983, 55, 20A. 
15. R. N. Zare, Science, 1984, i26, 298. 
16. J. C. Gluckman, D. Shelly and M. Novotny, J. Chro- 

matog., 1984, 317, 443. 
17. F. Andreolini, S. C. Beale and M. Novotny, HRC&CC. 

1988, 11, 20. 
18. W. Borsch, W. Deoller and M. Wagner-Roemmich, 

Ber., 1943, 76B, 1099. 
19. J. D. White and M. E. Mann, A&. Het. Gem., 1969, 

10. 134. 
20. S. S. Simons, Jr. and D. F. Johnson, J. Org. Chem., 

1978.43, 2886. 



T&u, Vol. 36, No. i/2, pp. 327-330, 1989 ~39-9~~/89 $3.00 + o.rHJ 
Printed in Great Britain. All rights reserved Copyright 0 1989 Pcrgamcn Press plc 

LIQUID CHROMATOGRAPHY STUDIES OF SOLUTE--CHAIN 
INTERACTION UNDER REORDERING/RESOLVATI~N 

CONDITIONS-I 

CORRELATIONS BETWEEN SOLUTE STRUCTURE AND CHANGES 
IN RETENTION FOR HYDROXYLATED ALIPHATIC AND 

AROMATIC COMPOUNDS 
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Summary-The current investi~tion is an extension of previous liquid chromatography studies involving 
conformational changes of n-alkyl-bonded phases under totally aqueous mobile phase conditions. Relative 
changes in retention, Ak:, before and after reordering/resolvation of an octyl phase have been studied 
with various linear, branched, cyclic and aromatic compounds. The magnitude of Ak; can be correlated 
to structural features in the solute, such as size, shape, rigidity and substitution. The largest values of Ak; 
were obtained for rigid solutes with multiple hydroxy groups. 

Reversed-phase liquid chromatography is perhaps 
the most important means of separating thermally 
labile low molecular-weight compounds. In a 
majority of cases, separations are done with linear 
alkyd phases. Hence developing a better under- 
standing of such bonded materials and the funda- 
mental processes controlling solute retention and 
selectivity continues to be important. 

A number of theories have been proposed to 
explain the nature of the bonded microlayer.‘- A 
common view is that the immobilized chains are 
surrounded by inter~lated solvent, the composition 
of which may or may not be close to that of the bulk 
mobile phase. Further, the microlayer can swell or 
shrink depending on the solvent composition-this 
phenomenon has been discussed in terms of a 
“breathing” model? 

Previously we have systematically investigated 
thermally induced reorde~ng/resolvation of both 
polar and nonpolar bonded phases in contact with 
water’.‘“‘* Likewise, the influence of solvent en- 
trapped during preconditioning of the surface has 
been examined.13 Although separations are not usu- 
ally performed with totally aqueous mobile phases, 
results from such studies have been useful in devel- 
oping a better understanding of the orientation and 
dynamics of the bonded chains. The surface immo- 
bilized chains assume a folded conformation (an 
aggregated state) when the mobile phase is changed 
from an organic solvent to a totally aqueous solution. 
However, the bonded chains may be reoriented to an 
extended state when heated. Water molecules pene- 

*To whom correspondence should be addressed. 

trate into the bonded phase and form hydrogen 
bonds with unreacted surface silanol groups. For 
nonpolar chains, this behavior can be explained by 
differences between the two conformations in terms 
of (n) cohesive interactions between bonded chains, 
(b) hydrophobic interactions between bonded chains 
and the contact solvent, water, and (c) specific inter- 
actions resulting from hydrogen bonding between the 
aqueous mobile phase and unreacted surface silanol 
groups,*’ However, for bonded alkyl chains contain- 
ing a polar functional group, the specific interactions 
between this and the aqueous mobile phase must also 
be considered.‘* 

The onset temperature (TO) for reordering/ 
resolvation can be obtained from a plot of 
Ink’ vs. l/T. This is illustrated in Fig. 1 for a silica 
with immobilized octyl chains. The experimental 
details of this procedure have already been de- 
scribed.4 T, values have been determined for a num- 
ber of polar and nonpolar phases. For a particular 
homologous series of anchored groups, a linear cor- 
relation exists between the reordering/resolvation 
onset temperature and the boiling point of corre- 
sponding nonimmobilized compounds.“*‘* A similar 
experiment was performed to examine the influence 
of bonding chemistry on resolvation.‘4 Reordering 
has been found to begin at approximately the same 
temperature, irrespective of the bonding chemistry. 

The relative changes in retention, caused by re- 
solvation, have been shown to be a function of 
surface coverage and solute structure.1° The current 
investigation is an extension of these earlier surface 
resolvation experiments and is a systematic attempt 
to examine what differences in ordering occur when 
molecules interact with the bonded phase. Relative 
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Table 1. k’, Ak; and In k;/kb values* for aromatic solutes 

Compound k: k; In k;/k, Ak: 

0.0785 7.5 + 2.0 benzene 
toluene 
phenol 
benzyl alcohol 

pyrogallol 
catechol 
resorcinol 
hydroquinone 
2,7-DHNTt 

o-methylphenol 
m-methylphenol 
p-methylphenol 
p-ethylphenol 

53.0 49.0 
224.2 204.0 

18.7 13.4 
27.2 20.7 

2.3 1.5 
6.8 4.6 
6.5 4.3 
3.4 2.3 

147.7 93.4 

66.1 46.3 
67.8 48.9 
65.6 47.8 

250.5 173.0 

0.0944 9.0 & 2.0 
0.333 28.3 k 0.5 
0.273 23.8 f 0.8 

0.427 34.0 k 0.4 
0.391 32.3 + 0.6 
0.413 33.8 f 0.4 
0.391 32.5 k 0.6 
0.458 37.0 + 0.5 

0.356 29.9 k 0.7 
0.327 27.9 &- 0.4 
0.317 27.2 k 0.3 
0.370 30.9 * 0.5 

o-chlorophenol 66.1 46.5 
m-chlorophenol 94.3 66.9 

0.352 29.7 * 0.5 
0.343 29.1 k 0.3 
0.346 29.3 k 0.5 p-chlorophenol 84.4 59.7 

*Average of values from three cycles. 
t2,7-DHNT = 2,7-dihydroxynaphthalene. 

changes in retention, following resolvation, have been 
determined for various linear, branched, cyclic and 

aromatic compounds. 

EXPERIMENTAL 

Chemicals and instruments 

All compounds listed in Table 1, and the HPLC grade 
acetonitrile, were purchased from the Aldrich Chemical Co. 
Demineralized water was purified with a Mini-Q reagent 
water system and used as the mobile phase. Cktyldimethyl- 
chlorosilane was obtained from Petrarch System Inc., 
(Levittown, PA) and used as received. LiChrosorb Si60 
(particle size 10 pm and surface area 550 m2/g) was from E. 
Merck (Darmstadt, West Germany). 

All chromatographic studies were made with a Labora- 
tory Data Control (Riviera Beach, FL) model constametric 
II G liquid chromatographic pump equipped with ultra- 
violet and refractive index detectors. Column temperature 
was controlled by a water-bath with a Tempunit (Techne, 
Princeton, NJ) model TU-14 zero cross-over proportional 
controller and a Neslab (Neslab Instruments, Portsmouth, 
NH) model EN-350 flow-through liquid cooler. The 
flow-rate was monitored with a model F1080A liquid 
flowmeter (Phase Separations Ltd., Queensferry, Clwyd, 
UK). Retention data were recorded and processed with an 
IBM Instruments model 9000 data-system. 

Column preparation 

LiChrosorb Si60 (3.Og) was slurried with demineralized 
water and allowed to stand for 3 hr. Excess of water was 
removed and the material dried at 1 lo” for 3 hr. The dried 
silica was refluxed overnight with 50 ml of a 15% solution 
of n-octyldimethylchlorosilane in toluene. During this pro- 
cess, a stream of dry nitrogen was continuously bubbled 
through the solution. After this reaction, the modified silica 
was washed with five 50-ml portions of toluene and two 
50-ml portions of diethyl ether. The material was dried at 
110” for 4 hr to remove the solvent. The surface coverage 
(w/w%, carbon/silica), determined by microcombustion 
analysis, was 1 I .2%. 

Empty 5-cm long columns were prepared from 4.6 mm 
I.D. stainless-steel tubing, and thoroughly cleaned with 
nonpolar and polar solvents and then rinsed with acetone. 
The modified materials were packed into the columns by a 
dynamic procedure.‘5 

Chromatographic studies 

Solute retention was measured before and after re- 
solvation of the bonded phases. 

Initial studies. The column was first conditioned with 
100 ml of acetonitrile followed by 100 ml of demineralized 
water at 20.0 + 0.1”. Acetonitrile was chosen as the condi- 
tioning solvent to minimize entrapment problems.” The 
flow-rate was 4.0ml/min and the retention of each com- 
pound was measured at least twice. The void volume was 
determined by use of D,O. 

Thermal treatment. The pump was switched off and the 
column temperature increased to 70”. The column was 
maintained at this temperature for 20 min to ensure themal 
equilibrium. The pump was then restarted and allowed to 
run for 15 min (passage of 60 ml of water) with the column 
maintained at 70”. The pump was again switched off and the 
column cooled to 20.0”. 

Studies following thermal treatment. The pump was re- 
started and all compounds injected as in the initial studies. 

These three steps were repeated three times. 

Calculations 

The capacity factors (k’) for all solutes were calculated 
and Ak; (the relative change in retention as a result of 
reordering/reorientation) was determined from 

Ak’ = lOO(k; - k;)/k; (1) 

where k; is the capacity factor measured at 20.0” before 
thermal treatment, and kb is the capacity factor measured 
at the same temperature after heating and cooling. 

RESULTS AND DISCUSSION 

Representative plots of In k’vs. l/T for phenol 
chromatographed on an octyl phase before and after 
thermal treatment are shown in Fig. I. In the pres- 
ence of a totally aqueous mobile phase, the bonded 
chains may be in either an aggregated or an extended 
state at a given temperature.“‘* At temperatures 
lower than T, (i.e., 40” for an octyl phase), the 

I I I 

3.4 3.2 3.0 
I/TX 1000 IK) 

Fig. I. Plot of In k’ us. l/T for an octyl phase. Mobile phase: 
water. Test solute: phenol. Evaluation cycle: (A) initial 
run. (B) rerun followina thermal conditioning. Dashed line 
(C)i i in k; at 20°C (i.e., measurements of solute retention 
taken before (point a) and after (point b) surface 

reordering/resolvation). 
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Table 2. k’, Ak; and In k:/ki values* for aliphatic solutes 

Compounds k: kb lnk:/k; Ak; 

methanol 0.31 0.29 0.067 4.0 f 2.0 
ethanol 0.92 0.87 0.056 5.0 f 2.0 
I-propanol 3.4 3.1 0.092 9.2 + 0.4 
I-butanol 12.6 11.3 0.109 10.6 f 0.5 
I-pentanol 53.7 47.5 0.123 11.4kO.5 

1,2-propanediol 0.43 0.30 0.360 31.0 f 2.0 
2-propanol 2.8 2.5 0.113 11.0* 1.0 
terf-butyl alcohol 6.9 6.0 0.140 13.2 f 0.4 
rerr pentyl alcohol 22.7 19.1 0.173 15.8 f 1.0 
cyclopentanol 11.6 9.7 0.179 16.0 f 1.0 
cyclohexanol 39.0 32.0 0.198 18.0 f 2.0 

*Average of values from three cycles. 

bonded chains are in an aggregated state (line A) and 
following thermal treatment at temperatures above 
To the chains are in an extended state (line B). The 
difference in retention before and after resolvation, 
A In ki, is illustrated in Fig. 1 by line C. 

Listed in Tables 1 and 2 are k’, In k:/kL and Aki 
values for the solutes studied. These solutes were 
chosen on the basis of small differences in size 
(i.e., addition of methylene groups), shape (linear, 
branched, cyclic, etc.), position of hydrophilic substi- 
tution, and aliphatic vs. aromatic character. They 
cover a k’ range from c 1 to > 200 and thus represent 
different degrees of solute-phase interaction. Inter- 
estingly, the trends to be discussed are independent of 
overall differences in retention but depend rather on 
structural features of the solutes. The relative mag- 
nitude of both In k!JkL and Aki for the solutes 
decreased in the following order: (a) dihydroxy 
compounds > monohydroxy compounds > nonpolar 
compounds; (b) aromatic compounds > cyclic or 
branched aliphatic compounds > linear aliphatic 
compounds. The largest values of In k:/ki and Aki 
were found for rigid solutes with multiple polar 
functional groups. The smallest values of Aki were 
obtained for small flexible solutes. 

Plots of In k’vs. carbon number are shown in 
Fig. 2 for three homologous series of solutes. These 
were linear alcohols (0 and O), branched alcohols 
(m and 0) and alkyl phenols (A and A). The data 
shown are the values before and after thermal treat- 
ment. For a given homologous series, the slopes of 
the lines are related to the incremental change in 
selectivity per methylene group added. Values for the 
slopes are given in Table 3. The incremental change 
was smaller for branched alcohols than for linear 
alcohols, which is reasonable on steric grounds. The 
3540% reduction in slope reflects a decrease in 
interaction per carbon atom in the more hindered 
system. 

The two linear regression lines for a given series of 
solutes were parallel, with similar slopes before and 
after reordering/resolvation, indicating a similar de- 
gree of solute+hain interaction regardless of the 
conformation of the bonded chain. The relative 

5 

4 
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53 
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1 
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3 4 5 6 7 6 

Carbon number 

Fig. 2. Plots of In k’ vs. carbon number, showing changes in 
retention with addition of methylene groups. Solid line and 
filled symbols: data obtained before surface reordering/ 
resolvation. Dashed line and open symbols: data obtained 
after surface reordering/resolvation. 0, 0: propanol, 
butanol, pentanol. A, A: phenol, p-methylphenol, p- 
ethylphenol. n , 0: 2-propanol, terr-butyl alcohol, tert- 

pentyl alcohol. 

changes in retention appear to indicate the increased 
orientation necessary (i.e., decrease in AS) for a 
solute to have the same degree of interaction (AH) 
regardless of the conformation of the phase. Thus, 
Aki can be correlated to the hydrophobicity of the 
solute and the way in which the substitution and 
rigidity influence solute-chain interaction. For rigid 
molecules with the hydrophobic portion more ste- 
rically hindered, In kL/kL was largest, whereas for 
flexible solutes or for solutes where the polar group 
was at one end of the molecule, it was smallest. For 
example, a relatively small value of In k:/k; was 
observed for benzene (0.0785), and only a slightly 
higher value for toluene (0.0944). These values repre- 
sent only a small change in retention, of 7.5 and 9.0% 
respectively. However, the In k:/ki values for phenol 
and the dihydroxybenzenes were significantly larger 
(0.333 and 0.391-0.413 respectively). 

Plots of In k’ vs. number of hydroxy groups on the 
aromatic ring are given in Fig. 3. Two linear re- 
lationships are observed, with slopes of - 1.04 and 

Table 3. Effect of additional methylene groups on Ink’ 
for various homologous series of solutes before/after 

reordering/resolvation 

Compounds Slope* Y-intercept Correlation 

linear 1.38/1.37 -2.941-2.99 0.99910.999 
branched 1.04/1.02 -2.15/-2.17 0.994lO.993 
aromatic 1.3011.27 -4.86/-5.05 l.OOO;l.OOO 

*Calculated from plots of Ink’ vs. carbon number (Fig. 2). 
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/ I 1 

0 1 2 3 

Number of hydroxy groups 

Fig. 3. Plots of In k’ vs. number of hydroxy groups on an 
aromatic ring. 0: data obtained before tbennal treatment. 
0: data obtained after thermal treatment. solutes: benzene, 

phenol, resorcinol and pyrogallol. 

- 1.14 for retention measurements made before and 
after reorde~ng/resoi~ation of the surface. These 
lines are nonparallel and show that increasing hydro- 
philic substitution on the ring results in increasing 
values of In k: /ki. However, for substituted aromatic 
solutes where the hydrophobicity and rigidity are 
similar (e.g., chlorophenols and methylphenols), the 
In k:/k; values are not significantly different (for the 
chlorophenols 0.347 f0.004 and for the methyl- 
phenols 0.333 4 0.020: means It s.d). 

The rigidity of the solutes studied is in the order 
aromatic compounds > branched or cyclic aliphatic 
compounds > linear aliphatic compounds. The data 
in Tables 1 and 2 also show a good correlation 
between solute rigidity and In k;/k;. For example, 
phenol (0.333) > cyclohexanol (0.198), cyclopentanol 
(0.179) or tert-pentyl alcohol (0.173) > 1-pentanol 
(0.123) etc. These data further support the idea that 
In k:/k;, is a measure of the confo~ational changes 
of the solute necessary for similar solute-chain inter- 
action to occur. 

Changes in retention and selectivity for a pair of 
solutes before and after surface reorientation, Ak:. 

have been correlated to structural features in the 
solutes such as size, shape, rigidity and substitution. 
The magnitude of In kL/ki and Aki for a pair of 
structurally similar solutes falls within a narrow 
range and there are only small changes in selectivity 
between conformational states of the bonded phase. 
For a pair of solutes with different features the 

retention changes may be relatively large and the 
elution order and selectivity may change. 

CONCLUSION 

The types of measurements made in the current 
study provide a means of examining the influence of 
the structure of a solute and the conformation of the 
bonded phase on the mechanism governing reversed- 
phase separations. Additional studies are now in 
progress on solutes which contain different functional 
groups, in an effort to characterize the influence of 
functionality on retention and selectivity. 
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EVIDENCE FOR THE ROLE OF MYOGLOBIN 
IN FACILITATING OXYGEN TRANSPORT 
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Summary-Cyclic voltammetric studies of the heterogeneous electron-transfer reactions of myoglobin 
under aerobic and anaerobic conditions are reported. Evidence for a role of myoglobin that has not been 
previously measured directly, namely, facilitation of oxygen transport, is presented. It is suggested that 
one molecule of oxygen can be. contained within the structure of the oxidized form of myoglobin, but is 
not co-ordinated to the heme iron. Reduced myoglobin binds one molecule of oxygen to the heme iron 
but no reports have been found that suggest that the oxidized form of myoglobin binds to, or contains 
a molecule of, oxygen. 

Myoglobin is a medium size heme protein (m.w. 
17800) that functions as an oxygen storage site in 
muscles.’ Its structure2.3 is known from high- 
resolution X-ray diffraction data and the polypeptide 
sequence has been determined for 24 species.’ 
Though an extensive body of literature has been 
published describing the structure and function of 
myoglobin, many important features remain to be 
elucidated. Several groups are currently pursuing 
research in this area, and new insights into the 
mechanisms by which myoglobin binds oxygen are 
evolving.k9 

Frauenfelder et ~1.~ have calculated the mean- 
square displacement of the amino-acid residues in the 
semiliquid regions of myoglobin through which oxy- 
gen must travel. Their results indicated displacements 
of 0.2-0.5 A, too small to permit entry and exit of an 
oxygen molecule (diameter 2.8 A). More recent work 
has shown evidence of several cavities within the 
myoglobin molecule, inside the heme pocket, that 
could accommodate an oxygen molecule.’ Xenon 
atoms (diameter of 4.2 b;) were used as probes in 
this X-ray crystallographic study. Up to four xenon 
atoms may be accommodated within each myoglobin 
molecule when myoglobin crystals are subjected to 
xenon pressure 37 atm. 

Using computer simulations, Case and 
McCammon6 and Karplus and McCammon’ have 
shown evidence for two possible paths for oxygen to 
travel through the myoglobin molecule to reach the 
heme pocket binding site. 

An additional function that has been ascribed to 
myoglobin is facilitating oxygen transport in mus- 
cles.‘W’2 However, there is little direct evidence that 
myoglobin increases the rates of oxygen transport in 
muscles or in oitro. Moreover, little is known about 

*Author to whom correspondence should be addressed. 

the mechanism that enables myoglobin to enhance 
oxygen transport. 

In an earlier study of the heterogeneous electron- 
transfer kinetics for myoglobin at indium oxide opti- 
cally transparent electrodes,” it was shown that 
electrochemical methods enable the dynamics of the 
myoglobin/oxygen ligand-binding reaction to be 
studied directly. The reaction mechanism is an EC 
mechanism (an electrode reaction followed by a 
chemical reaction that consumes the product of the 
electrode reactions) as shown below: 

Electrode: Mb(II1) + e-*Mb(H) (1) 

Solution: Mb(I1) + O,~Mb(II).O, (2) 

where Mb(II1) and Mb(I1) are the oxidized (met- 
myoglobin) and reduced forms of myoglobin, re- 
spectively. As is the case for hemoglobin, myoglobin 
only binds to oxygen when in the reduced state.’ 

In an attempt to quantitatively model the cyclic 
voltammetric results for the reaction of myoglobin at 
an indium oxide electrode under anaerobic condi- 
tions and under conditions of varying oxygen concen- 
tration, background cyclic current-voltage curves 
(CVs) were acquired under various conditions of 
myoglobin and oxygen concentrations.13 CVs for 
anaerobic solutions containing buffer/electrolyte in 
the presence and absence of myoglobin were acquired 
and stored, and digital subtraction of the background 
from the total CVs yielded currents that were due 
only to faradaic reactions. These CVs were then fit 
to digitally simulated CVs to determine how well 
the myoglobin electrode reaction conforms to the 
model used to describe it, namely the Butler-Volmer 
theory.‘k’6 

EXPERIMENTAL 

Sperm whale myoglobin was obtained from Sigma Chem- 
ical Company (Type II, lots 93F-04971 and 36F-0353) and 
from Fluka Chemical Corporation (lot 263014-187). In 
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previous workI myoglobin samples were further purified by grade, Sigma) was used as received, and the cacodylic acid 
ion-exchange chromatography with carboxymethylcellulose (hydroxydimethylarsine oxide, 98% pure from Sigma) was 
(Whatman CM-52) by published procedures.“,” This was recrystallized twice from 2-propanol. Oxygen was removed 
shown to be necessary in order to observe cyclic voltam- from solution by passage of nitrogen (grade 4.5 from Airco, 
metric responses for myoglobin. In this study samples of Inc.) that had been passed over hot copper turnings in a 
myoglobin as received were dissolved in tris/cacodylic acid Sargent-Welch furnace to scavenge any oxygen in it. A 
buffer, pH 7.0, and then filtered through a 30000 molecular gas-dispersion trap containing water was placed between the 
weight filter (YM30, Amicon Div., W. R. Grace and Co.) furnace and the sample solution to cool the nitrogen and 
just before each experiment. saturate it with water. 

The tris/cacodylic acid buffer (ionic strength 0.20M) was 
used to avoid binding of phosphate to myoglobin.‘9~20 The 
tris(hydroxymethyl)aminomethane (Trixma Base, Reagent 

The electrochemical and spectroelectrochemical methods 
and procedures have been described previously.” In all 
experiments the working electrode was tin-doped indium 
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Fig. 1. Cyclic current-voltage curves of metmyoglobin as a function of oxygen concentration. Scan-rate = 
50 mV/sec, electrode area = 0.30 cm’. (A) Solution of 61pM metmyoglobin in tris/cacodylic acid buffer, 
pH 7.0; (B) buffer alone; (C) background-subtracted cyclic current-voltage curves obtained by taking the 
difference between results shown in (A) and (B). In each case the oxygen concentrations (PM) are: 

(a) 16, (b) 31, (c) 47, (d) 63, (e) 78 and (f) 94. 
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Fig. 2. Linear-sweep current-voltage curves taken from Fig. I. (A) From Fig. I(C); (B) background- 
subtracted negative linear-sweep current-voltage curves obtained by subtraction of trace (a) in (A) from 
each other trace to show only oxygen reduction; (C) background-subtracted negative linear-sweep 

current-voltage curves obtained by subtraction of trace (a) in Fig. l(B) from each other trace. 

oxide deposited on glass (Donnelly Corp.) and a new 
electrode was used in each experiment. These electrodes 
were cleaned by a published procedure*’ consisting of a 
5-min sonication in Alconox detergent solution, ethyl alco- 
hol and twice in distilled water. The reference electrode was 
Ag/AgCI (l.OM KCI) and the auxiliary electrode was a 
platinum wire. All potentials in this work are referred to 
the normal hydrogen electrode and all measurements were 
made at room temperature, 22 + 1”. Data-acquisition and 
handling have been described in detail.‘j 

RESULTS 

Cyclic current-voltage curves for metmyoglobin 
and different concentrations of oxygen are shown in 
Fig. l(A). Only at the lowest concentration of oxygen 
is there evidence of an oxidative wave. No oxidative 
wave is observed, at higher concentrations of oxygen, 
because there is a succeeding ligand-binding reaction 

between the electrochemically formed reduced myo- 
globin and the oxygen present in solution [see equa- 
tion (2)]. However, at higher oxygen concentrations 
the reductive current, at voltages more negative than 
the peak potential, increases with increasing oxygen 
concentration. Figure l(B) show the CVs of buffer 
alone at the same oxygen concentrations as the 
myoglobin solutions studied in Fig. l(A). Clearly, the 
extent of oxygen reduction is much smaller than in 
the myoglobin solutions [Fig. l(A)]. This difference is 
more clearly illustrated in Fig. l(C) by subtracting the 
background currents and the direct oxygen reduction 
currents shown in Fig. l(B) from the corresponding 
CVs in Fig. l(A). 

To demonstrate this point further only the nega- 
tive sweeps of the CVs from Fig. l(C) are shown in 
Fig. 2(A). Similarly Fig. 2(B) shows the reduction 
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currents that occur in the presence of myoglobin. may reside in one of the cavities that exist along the 
Figure 2(C) shows the corresponding oxygen reduc- channel between the surface of the metmyoglobin 
tion currents that occur in the absence of myoglobin. molecule and the heme pocket, as described by 
Experiments were also conducted on a 106@fsolution Austin et aI.” The oxygen molecule could have 
of myoglobin and the results were the same as those penetrated the hydration layer surrounding the myo- 
shown in Fig. 2. A solution of myoglobin at a globin surface and possibly entered the heme pocket. 
concentration of 23pM was also studied but the Similar results have been reported by Barboy and 
faradaic current due to myoglobin reduction was Feitelson23 who showed that the “gating” action of 
small. The same trend as in Fig. 2 was evident but the myoglobin and not the size of the ligand con- 
with poorer precision. trolled the rate of entry to the heme pocket. 

Another experimental approach used in this re- 
search is shown in Fig. 3. The results of background- 
subtracted double potential-step chronocoulometry 
experiments for solutions containing myoglobin and 
various concentration of oxygen are shown. Trace (a) 
is due to the reduction of both myoglobin and oxygen 
when the applied overpotential is stepped to -426 
mV in the first 10 sec. A small reoxidation is observed 
during the reverse potential step in the next 10 sec. 
Background charge for buffer alone has been sub- 
tracted from each of the traces shown. As the oxygen 
concentration is increased, the reductive charge in- 
creases until the oxygen concentration is about the 
same as the myoglobin concentration (about 82@4 in 
these experiments). No further increase in reductive 
charge is observed when the oxygen concentration is 
increased further. The reverse potential-step chro- 
nocoulometry results are the same in each case, 
showing no reoxidation of the myoglobin. 

The electrochemical results presented here provide 
new insights into the nature of the association of 
myoglobin with oxygen molecules. These in vitro 
experiments may have physiological relevance to the 
role of myoglobin in facilitating oxygen transport. 
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Summary-Fluorogenic crown ethers do not generally produce enough signal to be analytically useful. 
The incorporation of fluorogens in the crown ether ring can considerably increase the fluorescence 
intensity obtained on complexation, to 2-6 times that of the blank. The disadvantage is a loss of selectivity, 
all the alkali metals being complexed by the fluorogenic compound obtained. 

Crown ethers, cryptands, and open-chain polyglycol 
compounds are effective complexation reagents for 
alkali-metal ions. Most of the research in this area 
has centered around the use of these compounds 
as phase-transfer catalysts in synthesis, and the syn- 
thesis of new macrocylic compounds with emphasis 
on structures which mimic naturally occurring com- 
pounds responsible for membrane transport. 

compounds were synthesized and tested*’ (Fig. lb). 
However, the change in fluorescence on complexation 
was not sufficient for analytical application. Increases 
of only 2-10% relative fluorescence were observed. 

The analytical application of these compounds has 
been limited. They have been used, for example, as 
electrode ionophores, I.* functional groups on chro- 
matographic packings,3 and to produce a cationic 
alkali-metal complex that can be extracted as an 
ion-pair with anionic dye.4 

The phenyl ring which separates the fluorogenic 
tag and the crown ether was believed to be the 
limiting factor for the change in fluorescence in- 
tensity. Therefore, fluorogenic compounds where the 
tag was directly attached to the crown ether ring were 
synthesized (Fig. lc). These compounds exhibited 
improved fluorogenic activity, but were also con- 
siderably less stable, decomposing in less than 
2 hr.2’ 

The demand for alkali-metal ion determination 
comes from the clinical diagnostics field. The deter- 
minations are to be made on whole blood (possibly 
in v&o) or in serum, urine or other body fluids. 
Therefore, the reagent must exhibit high selectivity 
and detection limits adequate to deal with current 
therapeutic levels. The macrocyclic compounds must 
be usable in current diagnostic systems as well as with 
newer techniques such as use of optrodes. 

Several other approaches were attempted. The 
most successful was Ueno’s use of the coumarin type 
ffuorogenic tags attached through a CH, group to 
an amine-substituted crown ether (Fig. ld).ls These 
com~unds did exhibit some signal change, but the 
details were not given. A comparable compound 
produced by our group also produced an increase in 
fluorescence intensity on complexation but there was 
a high degree of fluctuation in the signal. 

The first attempts to modify crown ethers by 
incorporation of a chromophoric group were re- 
ported by Dix and V6gtle,5 Ueno and co-workers”ls 
and this research group. 162s The unique feature of 
these chromogenic crown ethers was that a red shift 
was produced in the absorption spectrum, on com- 
plexation. The shift could be as large as 150 nm. In 
the work of Ueno’s group and ours, the compounds 
(e.g., Fig. la) formed an intramolecular ion-pair 
between the trapped alkali-metal ion and the anionic 
functional group of the singly deprotonated chromo- 
genic crown ether. This approach provides stable 
complexes and enhanced selectivity. 

It was clear that a new approach was needed if 
analyticaIly useful fhtorogenic crown ethers were to 
become a reality. It has been hypothesized that the 
lack of fluorescence change is due to the fact that the 
crown ether cavity and the subsequent complexation 
are too far removed from the fluorogenic tag. It 
would be optimal if the tag and the crown ether were 
both involved in the complexation process. It has 
been the experience in this laboratory that intra- 
molecular ion-pairs offer the best overall analytical 
performance. An easily deprotonated group, either 
an amine or phenol, is ideal for this purpose. There- 
fore, the Auorogenic tag/crown ether compound 
should have such a group. 

The next logical step was the synthesis of The compounds reported in this study achieve this 
fluorogenic crown ethers. Unfortunately, success with aim by the incorporation of the tag (carrying the 
these compounds was more difficult to obtain. By easily deprotonated group) in the ring of the crown 
utilizing the same approach as with the chromogenic ether (Fig. le). 262Q This paper describes the synthesis 
crown ethers, but with fluorogenic tags, several and analytical capabilities of this type of compound. 

l-AL. M/I-2-W 
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Fig. 1. Fhtorogenic crown ether reagents. (a) 2”,4”- 
Dinitro-6”-trifluoromethyl-4’-aminobenzo-15-crown-S; (b) 
4’-aminobenzo-15-crown-S, tag is dansyl or NBD; (c) 
aminomethyl-15crown-5, tag is dansyl or NBD; (d) 
coumarin-azo-l2-crown-4; (e) interannular 17-crown-5 tag 

is NBD. 

EXPERIMENTAL 

Synthesis 

The first step was to synthesize 2,6-dimethylanisole from 
2,6-dimethylphenol. The phenohc oxygen atom needed to be 
protected from the alkyl bromination step. Sodium hydride 
(0.157 mole) and tetrahydrofuran (THF) as solvent were 
placed in a three-necked round-bottomed flask equipped 
with a condenser, constant-pressure dropping funnel, heat- 
ing mantle and magnetic stirrer. 2,6-Dimethylphenol (0.157 
mole) dissolved in 100 ml of THF was added dropwise at 
ambient temperature over a period of 1 hr to the well stirred 
reaction mixture, which was then stirred and heated to 
reflux for approximately 1 hr, after which methyl iodide 

*All evaporations of organic solvents were conducted in a 
rotary evaporator. 

(0.157 mole) dissolved in THF was dripped into the reaction 
mixture. A color change from gray to white was apparent 
after 6 hr, but to ensure that it was complete, the reaction 
was allowed to proceed for a total of 12 hr. The solution 
was then cooled and filtered by suction. The filtrate was 
concentrated in a rotary evaporator* to yield a tan oil and 
an inorganic salt. Water (250 ml) was added and the mixture 
was repeatedly extracted with chloroform. The chloro- 
form extracts were combined, then dried over anhydrous 
magnesium sulfate, filtered, and evaporated (rotary evapo- 
rator), until reduced to a tan oil. The desired product was 
separated by distillation at 29%/0.2 mmHg. A yield of 
75-90% was routinely obtained. 

The second step was the preparation of 2,6-bis(bromo- 
methyl)anisole. In a 500-ml three-necked round-bottomed 
flask, equipped with a reflux condenser, magnetic stirrer and 
heating mantle, 2,6-dimethylanisole (0.093 mole) and excess 
of N-bromosuccinimide (NBS; 0.22 mole) and a catalytic 
amount of benzoyl peroxide were combined in carbon 
tetrachloride. The solution was stirred and refluxed for 24 
hr until all the NBS was converted into succinimide, which 
floated on top of the carbon tetrachloride. The solution was 
filtered and evaporated to a light orange-red oil. The oil was 
allowed to cool in a recrystallizing dish, where the desired 
product crystallized within 48 hr. The light yellow-orange 
crystals were sufficiently pure for the next reaction step after 
simple collection by filtration under suction. The typical 
yield was 50-60%. 

The third step was nitration. 2,6-Bis(bromomethyl)- 
anisole (0.018 mole) was dissolved in 40 ml of tetra- 
methylene sulfone in a two-necked IOO-ml round-bottomed 
flask. The solution was stirred as a solution of nitronium 
tetrafluoroborate (0.019 mole) in 30 ml of tetramethylene 
sulfone was added. The mixture immediately changed from 
orange-yellow to dark brown-orange in color. The mixture 
was stirred at ambient temperature for 40 min to ensure 
complete reaction. Water (25 ml) was added and the mixture 
was stirred for 15 min. The solution was transferred to a 
separatory funnel, 50 ml of water were added, and the 
mixture was repeatedly extracted with chloroform. The 
chloroform solution was dried over anhydrous magnesium 
sulfate, filtered, and evaporated to a dark reddish-brown oil. 
The oil was washed with water until it became a tan solid. 

The fourth step was to form the crown ether, 
4-nitroanisole 18-crown-5. To a 500-ml three-necked flask 
equipped with a constant-pressure dropping funnel, reflux 
condenser, magnetic stirrer and heating mantle, an excess 
of sodium hydride (0.5 mole) was added to 75 ml of 
freshly distilled THF, and a solution of tetraethylene glycol 
(0.21 mole) in 50 ml of THF was slowly added to the 
reaction mixture, which was stirred at ambient temperature 
for 90 min. Then a solution of the 4-nitro-2,6- 
bis(bromomethyl)anisole (0.21 mole) in 75 ml of THF was 
added. The mixture was warmed until it refluxed, and 
was stirred for five days to ensure reaction. The solution was 
cooled, filtered under suction, and evaporated to a thick, 
dark brown oil. The oil was placed in a liquid-liquid 
extraction apparatus, and the crown ether was extracted 
from the oil with hot hexane. The hexane solution was 
evaporated to yield white crystals, which were then re- 
crystallized from hexane. The yield was 15-30%. 

The final step was removal of the phenol protection 
group. The 4-bromoanisole-l8-crown-5 (1 g) dissolved in 
freshly distilled dimethylformamide (DMF) and 0.5 g of 
sodium ethyl sulfide were added to a round-bottomed flask 
equipped with a reflux condenser, heating mantle and 
magnetic stirrer. The solution was refluxed under nitrogen 
for 3 hr, then cooled, acidified with 4M hydrochloric acid, 
and repeatedly extracted with diethyl ether. The ether layers 
were washed with 1M sodium hydroxide and these washings 
were combined, acidified, and extracted with chloroform. 
The chloroform solution was evaporated to a brown liquid. 
This extraction procedure was repeated until the compound 



Fluorogenic ring-substituted crown ethers 337 

Table 1. Partition coefficients for the untagged crown ethers (Cr) 

Concentration, Partition coefficient (S.D.), 
Crown M W&~lo, 
4-Bromoanisole- I8-crown-5 1.1 x 10-Z 3.25 x lo-’ (0.06 x lo-‘) 

5.5 x 1o-3 3.63 x IO-’ (0.04 x lo-‘) 
4-Bromophenol-18-crown-5 6.8 x 10-l 8.29 x IO-’ (0.08 x 10-4) 

crystallized as a brown solid. The product was purified by 
dissolving the brown solid in chloroform, t?hering, evapo- 
rating the solvent, and drying under vacuum until crys- 
tallization was complete. The resulting dark yellow crystals 
were dissolved in diethyl ether and the solution was washed 
repeatedly with water until light yellow crystals were ob- 
tained on evaporation of the ether. 

The crown ether was tagged by dissolving 0.5 g of the 
Cnitrophenol-18-crown-5 in 100 ml of freshly distilled 
DMF. A catalytic amount of 10% Pd on carbon was added 
to the mixture. An initial 35 psig hydrogen pressure was 
applied in the Parr hydrogenator. After hydrogenation for 
4 hr, the solution was filtered to remove the catalyst and the 
DMF was evaporated. Water (200 ml) was added and 
the mixture was extracted with chloroform. The dried 
chloroform solution was evaporated, producing a brown oil 
that solidified upon standing. 

This solid was dissolved in methanol and placed in a 
round-bottomed flask equipped with a constant-pressure 
dropping funnel, and magnetic stirrer. An equivalent 
amount of a solution of 4-chloro-7-nitrobenzo-2-oxa-1,3- 
diaxole (DNB) chloride in methanol was dripped into the 
reaction mixture, which was stirred for 2 hr and then 
filtered. Evaporation yielded a residue, which was dissolved 
in chloroform, washed with slightly acidic water, and dried 
with anhydrous magnesium sulfate. After filtration and 
evaporation a dark red oil was obtained. This oil solidified 
after 48 hr and the solid was recrystallized from hot hexane. 
The purified product was an orange-yellow powder. 

Extraction 

The degree of extraction for the nontagged crown ethers 
was determined by placing in a 50-ml round-bottomed flask 
an aliquot of an alkali-metal chloride solution for low 
pH studies or the hydroxide for high pH studies, and picric 
acid, the final concentrations being 6.65 x IO-’ and 
9.66 x 10-5M respectively and the final volume 10 ml. 
Then 10 ml of 1 x 1O-3-1 x 10e2M organic crown ether 
solution were added. The mixture was shaken mechanically 
for 15 min at room temperature (22”), then allowed 
to stand until the layers had separated. The concentration 
of the extracted complex was determined spectrophoto- 
metrically. 

The partition coefficients of the crown ethers were deter- 
mined by using various crown ether concentrations and 
equal phase volumes, and equilibrating for 1 hr. The 
aqueous layer was then analysed for crown ether by extrac- 
tion after addition of potassium and picrate ions. 

The extraction constant was determined in a similar 
manner to the degree of extraction except that the crown 
ether, alkali-metal ion and picric acid concentrations were 
all varied. The chlorides used gave an aqueous pH of 3.8, 
and the hydroxides gave an aqueous pH of 11.9-12.2. 

For the fluorogenic crown ethers similar procedures were 
followed, except that the extraction with picric acid was not 
used, since the complexation could be followed by observing 
the fluorescence. 

In both cases the physical constants could be determined 
from these experiments by using the equilibrium equations 
developed in previous studies.*** The new compounds 
created no additional problems that needed to be considered 
by incorporation of other equilibrium expressions. 

RESULTS AND DISCUSSION 

Two precursors to the final tagged crown ether, 
Cbromoanisole- 18-crown-5 and 4-bromophenol- 18- 
crown-$ were tested in picrate ion-pair studies. The 
results for the partition coefficients are shown in 
Table 1. The phenolic compound is slightly more 
soluble than the anisole crown ether in water. 

The pH was kept low, at about 3.0, for the phenolic 
crown ether extractions. This was necessary since a 
crown ether with a deprotonated phenol group would 
act as its own counter-ion in ion-pairing and inhibit 
the formation of the picrate ion-pair used for the 
determination. Table 2 gives the extraction constants 
for the two compounds. In both cases the compound 
extracted potassium and rubidium ions. The anisole 
crown ether was a more efficient extraction reagent 
than the phenol, and displayed some selectivity to- 
wards potassium. The different pH conditions did not 
affect the extraction. The selectivity observed is not a 
problem, since in clinical samples the selectivity that 
is needed is for potassium relative to sodium, or the 
reverse. It appears that tagging this type of com- 
pound would produce a reagent with the desired 
selectivity for potassium. 

The data above suggest that the fluorogenic crown 
ether with a phenol group in the crown ring should 

Table 2. Logarithmic extraction constants of alkali-metal ions (all values 
obtained from a minimum of ten separate extractions, Li+, Na+ and Cs+ 

are not extracted) 

Crown/concentration, M pH K+ Rb+ 

CBromoanisole- 18-crown-5 
1.1 x 10-2 
1.1 x 10-J 

3.8 2.45 f 0.04 1.84 k 0.09 
3.8 2.38 f 0.06 I .72 + 0.09 

1.1 x IO-’ 12.2 2.27 z 0.06 2.26 ; 0.07 
1.1 x IO-3 12.2 2.11 f0.05 1.99 + 0.02 - - 

4-Bromophenol- 18-crown-5 
9.9 x 10-a 3.8 I .63 f 0.03 l&t&O.04 
8.2 x 1O-3 2.9 1.42f0.14 1.26 f 0.03 
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Fig. 2. Absorption spectra of the protonated (- and ) and deprotonated (-.---) NBD 
ring-substituted crown ether. 

complex alkali-metal ions. The tag itself usually 
produces improved selectivity. 

The absorption spectrum for the tagged compound 
is shown in Fig. 2. There is a surprising blue shift of 
the absorption peak and the usual increase in molar 
absorptivity for the more highly deprotonated spe- 
cies. The appearance of the 325 nm peak was accom- 
panied by disappearance of the 350 nm peak. With 
increase in pH, the peak at 270 nm slowly shifted into 
the shoulder observed between 240 and 250 nm. The 
tagged crown ethers examined earlier usually ex- 
hibited red shifts in the absorption spectrum. There 
is no easy explanation for this observation. Emission 

was observed at 395 nm at pH 5.2 and 375 nm at 
pH 11.6. Tables 3-5 show the relative fluorescence 
intensity at the different pH values. On complexation, 
the intensity was increased to 3.7-6.7 times that of the 
blank, depending on the wavelength of measurement. 
With exception of cesium, the compound appears to 
complex the alkali-metal ions somewhat equally. 

These data definitely demonstrate that incor- 
porating an anionic moiety in the crown ether ring 
significantly increases the fluorescence that occurs on 
complexation. One explanation of this is that the 
phenolic group is deprotonated and forms the in- 
tended intramolecular ion-pair. The crown ring itself 

Table 3. Relative fluorescence intensity at pH 10 (triplicate measurements) 

Relative intensity Ratios to blank 

Concentration, (A) (B) 
Metal ion M 415-425 nm 510-515 nm (A) (B) 

Li+ 9.8 x lo-* 57.0 f 0.0 43.2 f 0.3 6.55 5.20 
Na+ I.0 x IO-’ 51.8 f 0.3 42,6 f 0.2 5.95 5.14 
K+ 8.4 x 1O-2 49.2 + 0.3 42.0 + 0.0 5.66 5.06 
Rb+ 8.8 x 10-z 44.9 * 0.1 38.0 f 0.2 5.16 4.57 
cs+ 9.7 x 10-r 37.5 * 0.3 32.8 k 0.3 4.31 3.95 

Blank 8.7 * 0.3 8.3 k 0.1 

Table 4. Relative fluorescence intensity at pH 1 I (triplicate measurements) 

Relative intensity Ratios to blank 

Concentration, (A) (B) 
Metal ion M 415-425 nm 510-515 nm (A) (B) 

Li+ 9.7 X 10-z 57.1 * 0.1 35.9 + 0.1 6.56 4.33 
Na+ 1.0 x 10-l 52.0 k 0.3 38.9 k 0.2 5.98 4.69 
K+ 8.4 x 1O-2 52.8 + 0.3 38.8 + 0.1 6.07 4.67 
Rb+ 8.8 x 10-r 52.0 _+ 0.1 41.0*0.2 5.98 4.94 
cs+ 9.7 x 10-r 42.8 &- 0.5 35.1 kO.1 4.92 4.23 

Blank 8.7 + 0.3 8.3kO.l 



Fluorogenic ring-substituted crown ethers 

Table 5. Relative fluorescence intensity at pH 8 (triplicate determinations) 
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Relative intensity Ratios to blank 

Concentration, (A) 03) 
Metal ion M 4 15-425 nm X0-515 nm (A) (B) 

Li+ 1.0 x 10-I 55.8 f: 0.1 41.8 f 0.3 6.41 5.03 
Na+ 1.0 x 10-l 55.8 + 0.8 46.2 4: 0.4 6.41 5.55 
Kf 8.3 x lo-’ 58.0 I?: 0.5 48.7 + 0.3 6.67 5‘86 
Rbi 8.8 x IO-2 50.0 f 0.0 40.0 & 0.3 5.75 4.81 
Ck+ 9.5 x IO-’ 38.8 5 0.3 30.9 f 0.4 4.46 3.72 

Blank 8.7 + 0.3 8.3 fO.l 

Table 6. Relative fluorescence intensity at pH 4.9 (triplicate measurements) 

Relative intensity Ratios to biank 

Concentration, (A) (B) 
Metal ion M 415-425 nm 510-515 nm (A) tB) 

Li+ 1.0 x 10-I 50.2 I: 0.3 42.9 f 0.2 4.74 4.33 
Na+ 1.0 x 10-i 53.2 f 0.3 41.9tO.l 4.98 4.23 
K* 8.3 x IO-* 54.6 & 0.2 42.0 & 0.0 5.11 4.24 
Rb+ 9.0 x lo-* 51.9fO.l 41.2kO.l 4.18 4.16 
cs+ 9.5 x 10-Z 41.8 4 0.3 24.2 + 0.3 3.92 2.44 

Blank 10.6 + 0.3 9.9+0.1 

is therefore restricted in movement, since the oxygen 
atoms in the ring interact with the alkali-metal ion. 
Before complexation the crown ring was free to 
rotate about the phenol moiety linkage, so that the 
phenolic OH-group could lie inside or outside the 
crown cavity. This was confirmed as possible, by use 
of molecular models. 

On the other hand, it is possible that the de- 
protonated phenol might attract the alkali-metal ion 
first, and that the crown ether would then stabilize the 
complex. Therefore, some experiments were done at 
pH 4.9, at which the phenol in the compound was not 
deprotonated. Table 6 shows that the selectivity of 
the compound did not significantly change from that 
observed at high pH, which suggests that only the 
crown ether ring attracts the alkali-metal ion. 

The apparent detection limits for the alkali-metal 
ions range from 1 x 10V3 to 1 x 10-zlM, depending 
on the ion tested. The reproducibility of the extrac- 
tions was 2-6%. No quenching effects were observed. 
The solutions was not degassed. 

The new compound gives a large fluorescence 
intensity change, but is usable only when a single 
alkali metal is present in the sample. The alkaline- 
earth metal ions and ammonium ion do not interfere 
when present at concentration equal to that of the 
alkali-metal ion. Improvements in selectivity are 
needed in the next generation of compounds. 

Conclusions 

Although this new method of producing a 
fluorogenic crown ether improves the signal obtained 
by interaction with alkali-metal ions, the overall 
complexation sefectivity is altered. The untagged 
compound is selective for potassium and rubidium, 
but the tagged compound seems to complex the first 

four alkali-metal ions (lithium-rubidium) equally 
well, and cesium to a lesser extent. 

Further studies are needed to see whether the 
selectivity can be improved. It is believed that this will 
not be achieved by simple size changes in the cavity, 
but by a delicate balance between the apparent size 
of the cavity in the free ligand and that of the cavity 
made rigid by complexation. 
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Summary-Immobilized tris(carboxymethyl)ethylenediamine (TED) (also known as ethylenediamine- 
iV,N,N’-triacetic acid) serves as a stationary phase for fractionation of proteins and the preparation of 
metal-free proteins by immobilized metal-ion affinity chromatography. The Cu(II) complex of commer- 
cially available immobilized TED has been characterized by elemental, electrochemical and spectroscopic 
techniques. There is a large discrepancy between the theoretical capacity determined from the nitrogen 
content and the experimental capacities determined by ato~c-abortion spectroscopy and anodic 
stripping voltammetry (ASV), indicating that a substantial portion of the immobilized ligand is not 
binding Cu(I1). In addition, the titration of immobilized TED with Cu(II), monitored by ASV, suggests 
that more than one ligand is involved in binding Cu(I1). A comparison of the EPR spectrum for 
immobilized Cu(II)-TED with spectra for various model complexes shows that the major immobilized 
ligand is ethylenediamine-N,N’-diacetic acid (EDDA) with immobilized TED present only as a minor 
component. The complexation constant for Cu(I1) is close to the value for Cu(IIkEDDA in solution. The 
formation of EDDA is consistent with the method for synthesizing immobilized TED. 

The immobilization of tris(carboxymethyl)ethylene- 
diamine (TED) (also known as ethylenediamine- 
triacetic acid) on a carbohydrate support was first 
described in 1975.’ The first step in the procedure is 
to react the carbohydrate with epichlorohyd~n. The 
modified surface is then reacted with an excess 
of ethylenediamine. The final step is to react the 
immobilized ethylenediamine with monobromoacetic 
acid. 

It was shown that the Ni(II) and Cu(I1) complexes 
of immobilized TED could serve as stationary 
phases for separating proteins by ligand exchange, a 
technique christened immobilized metal-ion affinity 
chromatography.‘.-3 This technique is now well estab- 
lished, with diverse applications reported in the litera- 
ture? Immobilized TED is commercially available 
from Pierce Chemical Company. 

In addition to serving as a stationary phase for 
ligand exchange chromatography, immobilized TED 
is potentially useful for other analytical applications 
such as preconcentrating heavy metal ions for 
determination by other techniques. Our interest 
in immobilized ‘TED arises from the possibility of 
developing li~and-elective indicators for optical 
sensing. 

Although the interaction between immobilized 
metal-TED complexes and proteins has been de- 
scribed,5 the immobilized ligand has yet to be com- 
pletely characterized. Equilibrium constants for 
metal ion binding have not been measured, nor has 
the putative structure been confirmed. This report 
describes the characterization of the interaction be- 
tween commercially available immobilized TED 
and Cu(II), by a variety of techniques, including 

elemental analysis, metal-ion binding-capacity 
measurements and EPR spectroscopy. The results 
suggest that the commercial material is actually a 
mixture of ligands, the major component being 
ethyfenediaminedia~tic acid. In contrast, the EPR 
spectrum of the Cu(I1) complex with an immobilized 
TED sample provided by the referee was that ex- 
pected for TED, indicating that the commercial 
material differs from the immobilized TED described 
in the Iiterature.‘~3~5 

EXPERIMENTAL 

Apparatus 

Nitrogen was determined with a Perkin-Elmer 240B 
Elemental Analyzer after the sample had been dried at 120’ 
to constant weight. 

Cu(II) was determined by atomic absorption with an 
Instrumentation Laboratory 951 AA/AE spectrophoto- 
meter with a Jarrell Ash copper hollow-cathode lamp and 
the manufacturer’s recommended instrument settings. 

An IBM Instruments EC220tA Stripping Voltammeter 
with SCE reference, Pt ring auxiliary and mercury thin- 
film working electrodes was used for anodic stripping 
voltammetry. 

Electron paramagnetic resonance (EPR) spectra were 
measured on a Varian E-4 spectrometer interfaced with a 
Digital Equipment Corporation MINC II-23 computer. 

Reagents 

Immobilized tris(carboxymethyl)ethylenediamine (TED), 
batch numbers 850510086 and 860617089, was uurchased 
from Pierce Chemical Co. Batch number 85OSl%O86 was 
used in most experiments. In addition, the referee sent us a 
sample of immobilize TED prepared in his laboratory. 

Other reagents included nitrilotriacetic acid (NTA), 
ethylene&amine-N,N’-diacetic acid (EDDA), N-(2-hy 
droxyethyl)ethylenediaminetriacetic acid (HEDT), mercuric 
chloride (all from Aldrich Chemical Co.), iminodiacetic acid 
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(IDA) from Eastman Kodak, ethylenediaminetetra-acetic 
acid (EDTA) and Cu(II) AA standard from Fisher 
Scientific, and 2-[N-morpholinolethanesulfonic acid (MES) 
buffer from Sigma Chemical Co. 

A 0.0103M mercuric chloride solution was prepared by 
dissolving 0.0280 g of HgCI, in a small amount of dilute 
hydrochloric acid and diluting to 10.0 ml with distilled 
water. Phosphate buffer {pH = 7.0) was prepared by dis- 
solving 5.38 g of sodium dihydrogen phosphate and 
16.35 g of sodium monohydrogen phosphate in 1000 ml of 
distilled water. Acetate buffer @H = 5.0) was prepared by 
combining 2.34 g of sodium acetate and 0.34 ml of glacial 
acetic acid and diluting to 200 ml with distilled water. MES 
buffer (pH = 5.48) was prepared by mixing 0.976 g of 
MES and 1.6 ml of 0.5M sodium hydroxide and diluting to 
100.0 ml with distilled water. Unless otherwise indicated, the 
pH 5.0 acetate buffer was used for all experiments. 

Procedures 
Immobilized TED was prepared for all experiments in the 

same manner. Initialiy the immobilized TED was rinsed 
with two or three IO-ml portions of distilled water to remove 
the preserving solution in which it was stored. Next the gel 
was protonated by washing with two or three 10-ml portions 
of 1M hydrochloric acid, followed by rinsing with 10 ml of 
distilled water and two or three lo-ml portions of buffer or 
sodium hydroxide solution, as appropriate. Between wash- 
ings, the TED gel was suction-dried on a fkitted glass filter. 

Samples for atomic absorption analysis were prepared by 
equilibrating the immobilized TED in buffer with IO.0 ml of 
1000 ppm Cu(II) solution. The gel was subsequently rinsed 
with distilled water. The solution containing unbound 
copper was combined with the washings and diluted to 
100.0 ml with distilled water. Bound copper was removed 
from the TED gel by treating it with two IO-ml portions of 
1M hydrochloric acid. The immobilized TED was neutral- 
ized with three IO-ml portions of buffer, which were then 
combined with the bound copper fraction. This mixture was 
diluted to 100 ml with distilled water. Both fractions were 
further diluted with buffer to ensure that the’ final concen- 
trations were in the appropriate linear working range for 
copper. Samples were analysed in triplicate and the absorb- 
ance of each sample was measured five times. 

Anodic stripping voltammetry was performed on a slurry 
of 3.3 ml of immobili~d TED diluted to 100.0 ml with pH 
5.0 acetate buffer. The sample was deaerated by bubbling 
nitrogen through the slurry. A blanket of nitrogen bathed 
the surface throughout the experiment. A 0.400.ml aliquot 
of 0.0103M mercuric chloride was the source of the mercury 
film.6 Successive 0. IOO-ml increments of a 1000 ppm Cu(I1) 
standard sofution were added to the slurry and aliowed to 
equilibrate for IO min, with stirring. Copper was deposited 
during a period of 3 min at a potential of - 1 .OOO. VW. SCE, 
and then stripped at a scan-rate of 20 mV/sec. Deposition 
and stripping were repeated three times for each addition of 
Cu(I1). Between additions of Cu(II), the mercury film on the 
electrode was removed and an additional 0.400-ml portion 
of 0.0103M mercuric chloride was added. 

Competition experiments involved successive additions of 
0.120M IDA to 3.3 ml of TED gel complexed with I BOO mg 
of Cu(I1) and buffered to pH 5.0, in a total volume of 5 1 .O 
ml. After each aliquot of IDA was added, the solution was 
equilibrated by stirring for IO min. The fractions containing 
bound and free Cu(I1) were removed and collected as 
described above. 

EPR spectra were taken for I.0 g of immobilized TED 
samples which had been equilibrated for 10 min, with 
stirring, with various amounts of 200 ppm Cu(II) standard 
soluti&. The slurries were buffered wiih acetate at pH 5.0 
and 5.5 and with MES at DH 5.5. After equilibration with 
Cu(I1) the slurry was transferred to an EPdtube and slowly 
frozen in a dry ice/acetone slush, then cooled in liquid 
nitrogen for EPR measurement. Samples of Cu(I1) 

equilibrated with other complexing agents were prepared 
similarly. 

RESULTS 

Cu(IZ) binding capacity 

A theoretical Cu(II) binding capacity for the TED 
gel was determined by measuring the nitrogen con- 
tent of the gel. This calculation was based on the 
manufacturer’s suggested structure for immobilized 
TED, shown in Fig. 1, and assumes that one CufII) 
ion is bound per two nitrogen atoms. Immobili~d 
TED batch number 850510086 contained 0.875% 
nitrogen, which corresponds to 284 flmoles of Cu(I1) 
per ml of dried TED gel. The density of the dried gel 
was found to be 0.91 g/ml. Immobilized TED batch 
number 860617089 was found to contain 1.93% 
nitrogen, which corresponds to 626 pmoles of Cu(I1) 
per ml of dried gel. This batch also had a density of 
0.91 g/ml. 

In addition to the twofold difference in Cu(I1) 
binding capacity, the two batches of immobilized 
TED also differed greatly in their water content prior 
to drying. Batch number 850510086 lost 95.5% of 
its total weight on drying, whereas batch number 
860617089 lost only 77.0%. Batch 860617089 thus 
has over an order of magnitude greater capacity for 

EDTA 

EDDA 

immobilized TED 

HEDT 

Fig. 1. Structures of immobilized TED and model ligands. 
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Fig. 2. Relative peak current measured by ASV as a function 
of the volume of C&(11) solution added to a siurry of 

immobilized TED. 

Cu(II) than does batch 850510086, if the capacity is 
based on the volume of undried gel. 

Experimental Cu(I1) binding capacities were 
measured for immobilized TED batch number 
85OS10086 by both flame atomic absorption (AA) 
and anodic stripping voltammetry (ASV). The ASV 
titration was performed on samples buffered to pH 
5.00 with acetate. The results are shown in Fig. 2. The 
end-point was determined by extrapolating the two 
strait-line portions of the curve to the point where 
they intersected. This end-point corresponded to a 
capacity of 0.015 pmole of Cu(II) per ml of dried gel. 

For volumes less than 1200 ~1 of added Cu(I1) 
solution, the ASV experiment did not indicate a 
measurable amount of free Cu(I1). However, for 
between 1200 and 1400 ~1 Cu(I1) was observable, 
indicating that the Cu(I1) binding equilibrium is not 
complete in this region. 

Fig. 3. Absorbance due to free copper, measured by AA, as 
a function of the amount of IDA added to a slurry of 

immobilized TED. 

The binding capacities measured by AA were 
0.017 pmole of Cu(I1) per ml of dried TED gel at 
pH 7.0 and 0.013 pmole of Cu(I1) per ml of dried gel 
at pH 5.0. 

~om~iexat~on constant 

initially, we attempted to determine the equi- 
librium constant for binding of Cu(I1) to immobilized 
TED, by potentiometric titration with Cu(I1) moni- 
tored with a Cu(II) electrode. However, the response 
was sluggish and satisfactory results were not ob- 
tained. Although Cu(II) electrodes respond to trace 
concentrations of free Cu(I1) in the presence of 
dissolved Cu(I1) complexes, this was not the case for 
immobilized TED, which is in a separate phase. 

Accordingly, the complex&ion constant was 
measured by a competition experiment. The pro- 
cedure involved titrating immobilized Cu(II)-TED 
with iminodiacetic acid (IDA) at pH 5.0 and measur- 
ing the amount of Cu(I1) removed by the IDA, by 
atomic absorption spectrometry. The results of this 
experiment are shown in Fig. 3. 

2 0 2800 3200 3 

Fig. 4. EPR spectra for batch 8~17089 of immobili~d 
TED with Cu(II) equivalent to 60% and 100% of the 
experimental binding capacity. The spectrum designated 
TED is for the Cu(I1) complex of the immobilized TED 
sample provided by the referee. Spectra recorded in MES 

buffer at a frequency of 9.15 GHz. 
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The conditional complexation constant at pH 5.0 
for Cu(I1) with immobilized TED was calculated 
to be 1.6 x 10’. It is based on the point at which 
sufficient IDA has been added to complex half of the 
Cu(II). The calculation procedure has been described 
previously.’ 

EPR spectra 

EPR spectroscopy is an effective tool for eluci- 
dating the structure of Cu(I1) complexes.* Figure 4 
shows EPR spectra for batch 860617089 of im- 
mobilized TED containing 60% and 100% of the 
theoretical capacity for Cu(II), and also for the 
Cu(II) complex of the immobilized TED provided to 
us by the referee. The EPR spectrum for the Cu(I1) 
complex of batch 850510086 is not shown but was 
identical to the spectrum for batch 860617089. The 
spectra for immobilized Cu(II)-TED were compared 
with spectra for Cu(I1) complexes with a series of 
model ligands, including EDDA, HEDT, EDTA, 
NTA and IDA. Figure 5 shows the spectra of the 
model complexes, and Fig. 1 shows the structure of 
the ligands. The EPR spectrum of Cu(II)--EDDA 
most closely resembles the EPR spectrum of the 
commercial immobilized Cu(II)-TED. The spectrum 
for the immobilized TED provided by the referee is 
very similar to the spectrum of Cu(II)-HEDT. 

) 2800 3200 3, 

Gauss 

The spectrum of HEDT indicates that two species 
are present. One of these matches the EDDA spec- 
trum. The other is the HEDT spectrum. Because 
Cu(I1) has a strong tendency to be four-coordinate, 
the third acetate group is only partially coordinated 
to CufII) under the conditions used for taking the 
EPR spectra. Careful inspection of the spectra for the 
commercial samples of immobilized TED indicates a 
small but detectable signal which corresponds to the 
HEDT spectrum. 

DISCUSSION 

The experimental evidence shows that commercial 
TED does not have the structure indicated by the 
manufacturer. Instead, it appears to be a mixture of 
ligands, with EDDA predominant. The EPR spectra 
provide the most direct evidence for this. However, 
the other experimental data are also consistent with 
this interpretation. The fact that the experimental 
capacities are lower than the theoretical capacities 
calculated from the nitrogen content indicates that 
some of the nitrogen is in a form that does not 
complex with Cu(I1). 

The observation that the experimental capacities 
are lower at pH 5.0 than at pH 7.0 suggests that there 
are ligands present which bind Cu(I1) only at pH 7.0. 

EDDA 

2800 3200 

Gauss 
50 

Fig. 5. EPR spectra of the Cu(I1) complexes of NTA, EDTA, IDA, EDDA and HEDT recorded at a 
frequency of 9.15 GHz. All spectra were recorded in acetate buffer, except the EDDA spectrum designated 
EDDA (Mes). This spectrum was run to confirm that the spectra obtained for EDDA in Mes and aoztate 

buffers were identical. 
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Fig. 6. Proposed reaction sequence for formation of immobilized EDDA. 

From the measured complexation constant, EDDA 
would be expected to contribute to the Cu(I1) binding 
capacity at both pH values. Thus the discrepancy 
suggests that a weaker ligand is present. The ASV 
titration shows a significant amount of free copper in 
solution before the end-point, which is also consistent 
with the presence of weaker ligands in addition to 
EDDA. 

There is no evidence for weaker ligands in the EPR 
spectra. Since the spectra were run at pH 5.0 and 5.5, 
there should be no Cu(II) complexes of those ligands 
which bind Cu(I1) at pH 7.0 but not at 5.0. The 
amount of weaker ligands that bind Cu(I1) at pH 5.0 
may be too small to show up on the EPR spectrum. 

The conditional complexation constant at pH 5.0 
is somewhat less than 6.0 x 109, the value calculated 
for Cu(II)-EDDA in solution at pH 5.0. This is 
certainly reasonable, since steric constraints imposed 
by the immobilization are likely to reduce the 
stability of the complex. 

The formation of EDDA is consistent with the 
method for preparing immobilized TED.’ The first 
step is to react the surface of a carbohydrate with 
epichlorohydrin. The modified surface is then reacted 
with ethylenediamine. A very large excess of ethylene- 
diamine is employed, to reduce the probability that a 
given ethylenediamine molecule will react with the 
surface at more than one site. In practice, this 

measure does not seem to be effective. Instead, 
once initially bound to the carbohydrate surface, the 
ethylenediamine seems to give preferential reaction at 
the other nitrogen atom. Thus when monobromo- 
acetic acid is added to form the carboxymethyl 
groups on the nitrogen atoms, only two positions are 
available. The reaction sequence that we propose is 
represented in Fig. 6. 

The weaker ligands that seem to be. present could 
arise from ethylenediamine molecules that bind to 
three sites on the surface. Alternatively, they could 
form if the reaction with monobromoacetic acid does 
not go to completion. 

Because the EPR spectrum of the Cu(I1) complex 
of the immobilized TED sample provided by the 
referee is essentially identical to the spectrum of 
HEDT, we believe that this material is immobilized 
TED without a significant component of EDDA. The 
procedure for preparing both batches of the commer- 
cial material presumably differs from the literature 
procedure for preparing immobilized TED, in a 
manner which promotes EDDA formation.’ 
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Summary-Current-scan polarography at the ascending-water e&rode (AWE) was used to examine the 
electrochemical behavior of HTTA and La 3+, both in the absence and presence of neutral ligands, TOP0 
or MBDPO, and the light this sheds on the mechanism of extraction of lanthanides with H’lTA, as well 
as the role played by mixed-ligand chelate formation. 

This work is a part of our continuing study of 
metal-ion extraction systems, by means of their elec- 
trochemical behavior.‘-’ We have recently described 
the electrochemical behavior of lanthanide complexes 
with neutral ligands as well as with acylpyrazolones, 
which are similar to /?-diketones. Here we examine 
thenoyltrifluoroacetone (HTTA), a /I-diketone which 
is a widely used metal extractant. 

EXPERIMENTAL 

Apparatus 

Current-scan polarography at the ascending-water elec- 
trode (AWE) was employed. The electrolytic cell, apparatus 
and experimental procedures were as described earlier.‘” 

Materials 

Sodium acetate solution (0.2M) is used as the aqueous 
supporting solution. The organic phase is l,Zdichloro- 
ethane (DCE) containing O.OlM tetraheptylammonium 
tetraphenylborate (THA . TPB) as electrolyte, prepared as 
previously described.’ Thenoyltrifluoroacetone was pur- 
chased from Aldrich, and TOP0 from Alfa. Methyl- 
bi~iphenyloxide (MBDFQ) was synthesized and puritied in 
the laboratory.s A 0.1 M lanthanum solution was prepared 
by dissolving lanthanum oxide (Alfa, 99.99% pure) in a 
minimum quantity of sulfuric acid or acetic acid then 
diluting to volume with water. 

RESULTS AND DISCUSSION 

There is a well defined cathodic wave at the AWE 
when 0.4mM HTTA in DCE O.OlM THA’TPB as 
supporting electrolyte is in contact with 0.2M sodium 
acetate aqueous solution with pH > 6.2 (Fig. 1). The 
limiting current of this cathodic wave is proportional 
to the con~ntration of HTTA in the organic phase 
and is independent of the pH of the aqueous solution. 
The half-wave potential is shifted by +52 mV/pH 
over the pH range 6.2-7.0, but at pH > 7.0 there is 

much less change in the half-wave potential (Fig. 2). 
The appearance of the cathodic wave indicates that 
some anion enters the organic phase from the aque- 
ous solution. The limiting current depends on the 
initial concentration of HTTA in the organic phase. 
Therefore, the anion of HTTA is assumed to be the 
species transferred. This is supported by the pH- 
dependence of the half-wave potential. The logarithm 
of the limiting current is pro~~onal to the ioga- 
rithm of the height of the hydrostatic head of the 
aqueous phase in the AWE, with a slope of 0.35 
rather than the 0.5 expected for a diffusion-controlled 
process. This suggests that the process may be at least 
partially kinetically controlled,’ which may reflect the 
relatively slow ketwnol tautomerism of HTTA in 

l-5 
A$ EfmVI 

1 fphl 

Fig. 1. Current-scan polarogram of HTTA. Aqueous phase: 
0.2M NaOCa,pH 7.OkO.l. DCEphase: O.OlMTHA.TPB, 

0.4mM H’lTA. 
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Fig. 2. Effect of pH on the half-wave potential of the TTA- 
wave. Aqueous-phase: 0.2M NaOAc. DCE phase: O.OlM 

THA’TPB, 0.4mM HTTA. 

that the enol form of HTTA (i.e., the acidic form of 
the compound) can dissociate,“’ and at higher pH 
HTTA may be converted completely into the enol 
form. The dependence of the half-wave potential on 
pH is supportive of this explanation. The following 
diagram demonstrates this ion-transfer process: 

260 

i 

0 

0 

0 
0 

215 c 

(0) HTTA TTA 
-------- -@_---- ‘\G------------j-- 

(a) HTTA,,,,,,$ HTTA,,,,,,e H + + TTA- 

A well defined cathodic wave completely different 
from that of deprotonated HTTA appears when an 
organic phase containing HTTA at concentrations 
>O.OOlM is in contact with aqueous 0.002M lan- 
thanum solution in 0.2M sodium acetate in the pH 
range 5.7-7.2 (Fig. 3). The half-wave potential of this 
new wave depends on the pH of the aqueous solution: 
in the pH range 5.7-6.2, the half-wave potential shifts 
by + 256 mV/pH, but changes more slowly at higher 
pH values (Fig. 4). This trend is similar to that for the 
wave of the deprotonated species. A tenfold increase 
in the concentration of HTTA in DCE results in a 
shift of +258 mV in the half-wave potential, whereas 
a comparable increase in the lanthanum concen- 
tration yields a shift of only + 62 mV. Thus, the new 
cathodic wave would seem to be derived from the 
transfer of an anion which consists of 4 TTA- ions 
and one La3’. ion, i.e., La(TTA);. The relationship 
between the limiting current and the hydrostatic head 
of the aqueous reservoir is the same as that for the 
wave of deprotonated HTT. The transfer of the 
chelating ion can be depicted as follows: 

5.7 6.1 6.5 6.9 7.3 

PH 

Fig. 4. Effect of pH on the half-wave potential of the wave 
from the La-HTTA chelate. Aqueous phase: 0.2M NaOAc, 
0.2mM La, pH7.0fO.l. DCE phase: O.OlM THA.TPB, 

4mM HTTA. 

for the limiting current caused by La(TTA); in the 
absence of TOPO, and i,! represents the limiting 
current with TOP0 present, the following re- 
lationship is obtained: 

i, = K[La(TTA);] 

i, = K[(La(TTA);] - K’[La(TTA): (TOPO),] 

Ai = K’[La(TTA)z (TOPO),] 

(0) HTTA TTA - La(TTA); 
._________~____~___________~~~ __________________1~__- 

(a) HTTAo,,,,+ HTTA,,,,,,+ H + + TTA - 4TTA- + La+La(TTA); 

AiE(mV) 

I*” 

0 

Fig. 3. Polarogram of the chelate La-HTTA. Aqueous 
phase: 0.2M NaOAc, 0.3mM La, pH 7.0 f 0.1. DCE phase: 

O.OlM THA.TPB. 4mM HTTA. 

When TOP0 is present in the organic solution, the 
limiting current of the cathodic wave decreases. A The plot of log Ai vs. log [TOPO] gives a slope of 0.93, 
neutral mixed-ligand chelate of La and TTA with indicating that one molecule of TOP0 is involved in 
TOP0 can be supposed to be formed.“-I3 If i, stands the new chelate. 
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Fig. 5. Polarogram of the H’ITA-La-TOP0 adduct. Aque- 
ous phase: 0.2M NaOAc, 0.4mM La, pH6.0+0.1. DCE 
phase: O.OiM THA.TPB; (1) 5mM HTTA, (2) 2.8mM 

TOPO, (3) 5mM HTTA, 2.8mM TOPO. 

The limiting current of the cathodic wave decreases 
with increase in (TOPO], finally disappearing, while 
an anodic wave appears (Fig. 5), which is caused by 
transfer of a cation involving La, TOP0 and TTA. 
The limiting current is proportional to the concen- 
tration of TOP0 in the organic phase when [HTTA] 
is constant and in large excess, and is dependent on 
the square root of the height of the hydrostatic head 
of the aqueous solution at the AWE, indicating a 
diffusion-controlled process. The logarithmic analysis 
exhibits a slope of 64 mV. The ion transferred is 
therefore a singly charged cation. The half-wave 
potential shifts by -64 mV/pH, but by +64 mV 
when the concentration of HTTA in the organic 
phase is increased tenfold. Only one TOP0 molecule 
is involved in the complex, as seen from the slope of 
the plot of the half-wave potential US. log[TOPO] 
when TOP0 is present in large excess. No wave is 
observed in sulfate solution unless acetate is also 
present, so the chemical reaction can be described as 

follows: 

La(TTA),(OAc) + TOP0 + H+ 

=La(TTA)(OAc)(TOPO)+ + HTTA 

B = tLa(TTA) (OAc) WW+l WmAl 
fLa(~Ah (0-W [TOP01 [H +I 

The half-wave potential is expressed by the equation: 

RT [H~AI,,, 
+ 7 In tTOP%,,IH+b,,B 

where 23 is the diffusion coefficient for the species 
and phase indicated by subscript and lu, is the 
distribution coefficient for the species indicated. 

TOP0 and MBDPO were found to exhibit similar 
electrochemical behavior, indicating a similar ion- 
transfer process, but MBDPO is a stronger extractant 
than TOPO, and there is a shift of the anodic wave 
to more negative values when MBDPO is used in- 
stead of TOPO. 
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Summuy-A numerical treatment for predicting the formation constants of actinide complexes from the 
properties of the metal ion and the ligand is presented. Comparison of predicted and averaged literature 
values of the formation constants shows excellent agreement, and the method will be most useful for 
modelling transport from radioactive waste repositories. 

The modelling of radionuclide transport from high- 
and low-level radioactive waste repositories requires 
several types of fundamental input data, including 
the formation constants of complexes of the actinide 
elements present in the repository, and a number of 
data-bases-’ have been formulated for this purpose. 
The problem associated with these and other data- 
bases is that in many cases the data are limited, 
uncertain, or non-existent. The reason for this is that 
it is often extremely difficult, if not impossible, to 
make the necessary measurements, owing to the high 
radioactivity of the actinide concerned. 

One approach to this problem, which has been 
attempted many times, 4-8 is to predict the formation 
constants from fundamental properties of the metal 
ion, such as charge and radius. These treatments, 
unfortunately, have had limited success since, at best, 
they could only predict the constants for a small 
range of complexes, or constants for complexes with 
ligands closely related in structure. More recently, 
Brown et a1.9,‘o have developed a method which 
utilizes the properties of both the metal ion (charge, 
radius and electronic structure) and the ligand (ionic 
charge and p& of its parent acid). This new treat- 
ment allows the prediction of the formation constant 
of any metal ion-ligand complex and is extremely 
useful in obtaining constants for those complexes 
which cannot easily be studied experimentally. The 
use of the method for predicting the stability of 
actinide complexes is outlined. 

The overall formation constant of an actinide 
complex produced by the reaction 

pAc + qL$Ac,L, (1) 

is defined by 

P&L,1 -- 
& - [Ac)p[L]q (2) 

where AC represents an actinide ion (for example, 
Am3+, Th“+, PuOJ, UO:+) and L the ligand, and 
charges are omitted for simplicity. 

Early studies& aiming to correlate the. stability of 

the Srst mononuclear complex, /Ill, with the ionic 
charge (z~) and radius (rM) of a metal ion, used 
various ratios of the two parameters. Williams* used 
the ionic potential, zu /rM , to explain the stability of 
alkaline-earth metal complexes, whereas Palmer’ sug- 
gested that the ionic charge density, z,/r’, , should be 
used. Davies6 described the hydroxo-complexes of the 
Group 1 A and 2A metals in terms of the ratio z&/r,, 
and proposed that the equation 

log&, = 0.607z:, - 1.156 (3) 

should be used to predict the formation constants of 
these complexes. Brown et al.” were able to show that 
these constants could equally well be predicted from 
the function z,/r2, by means of the equation 

log fl,, = O.S56z,/r& - 0.40 (4) 

i.e., for these ions a simple electrostatic model ap- 
plies. However, for other ions this simple model has 
been shown9*‘0 to be inapplicable since other effects 
are present which completely outweigh the electro- 
static effect. 

Brown and Sylva,9 by considering the type of 
bonding orbitals available and the Slater screening 
constant,” have extended and generalized the simple 
electrostatic model. This “extended electrostatic 
model” may be represented by 

log 811 = Inti + Slpi [8, @u/r& + g,)l (5) 
where 

g, = (1 + D + &Y)(z, + 2) (6) 

g, =g(n)(z, - 1) - O.OSd[(y - l)(t; - 3) - l] 

x [n - (3 + 2r)12[1 - yzu](l - S) (7) 

and Int, and Sip, are the least-squares intercept and 
slope of the linear equation for (1,l) complexes. In 
equations (6) and (7), S is 0 for the absence and 1 for 
the presence of s-electrons in the outermost shell of 
the ion (exhibiting the inert pair effect); D = 1 if 
d-orbital electrons are available for bonding (other- 
wise D = 0); g(n) is a Slater function” [g(n) = 1 when 
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n, the principal quantum number, is greater than 
unity, otherwise g(n) = 01; d is the number of d- 
electrons in the outermost shell of the ion; y is termed 
the ligand parameter and is 0 when the conjugate 
acids of the ligands are inorganic binary acids, and 1 
when they are inorganic oxo-acids. These equations 
also introduce a new fundamental ligand property, 
et, which with the corresponding metal property +,, , 
is a unifying concept called the “electronicity” (“free- 
ness” of the valence electrons). The concept describes 
quantitativeIy the ability of a ligand to complex a 
metal ion and, in the context of complex formation, 
quantifies a number of other concepts such as A- and 
B-character, “hard” and “soft” metal ions and li- 
gands, and charge- and frontier-controlled reac- 
tions.1*-‘5 

Brown et ai.9.‘o showed that for polynuclear, or 
further mononuclear species, an unknown formation 
constant /lW can be determined from the known 
values of the first formation constant, pi,, and one 
other constant, &, by using the generalized 
Sylva-Davidson equation9~‘@i6 

log & + log u, =4logBli+r(P-ll/(r-l)] 

x jlog 8,s + log u, - s log B, I I @I 
and 

log VW = log[(q + I -p)!l 

-0.5(q --P)(q -_p + 1)logk (9) 

Log U can be considered as a measure of the intrinsic 
tendency of a metal ion (electron acceptor) to form 
a chemical (co-ordinate) bond with a ligand (electron 
donor) to produce a metal complex. It is a property 
associated with both the metal ion and the ligand and 
is manifested by the decreasing tendency of ML to 
form ML, relative to the tendency of M to react with 
L to give ML. That log U,, = 0 follows automatically 
since the ML (1,l) complex is formed from the 
reference states M (LO) and L (0, l).9 In equation (9), 
k is a proportionality constant relating two con- 
secutive formation constants9 and can be described 

by 
logk = -(2-B,)e~p[-(~~--t-~)~] (10) 

where 61M is the number of metal ions bonded to each 
ligand molecule, and es, and tL are the electronicities 
of the metal ion and ligand, respectively. The elec- 
tronicity of a ligand can be calculated directly from 
the first formation constant of a metal ion complex 
of that hgand.9 However, the electronicity of a metaI 
requires knowledge of at least one other stepwise 
formation constant for a mononuclear complex and 
the electronicity of the ligand involved in the com- 
plex. Thus, considering equations (8X10) for only 
the mononuclear stepwise formation constant, we 
obtain (since Q, =p = 1) 

logK,=logK,-log,-(q-l)exp[-(~~---i,)21 (11) 

which by rearrangement gives 

.sM =eL + [ln{(q - l)/(log K, -log K,-log q)}]“’ (12) 

Thus, by use of the first and second stepwise for- 
mation constants of a metal-fluoride complex (since 
et_ = 0 for lluoride), equation (12) is simplified to 
equation (13), since all electronicity values, by 
definition, are greater than or equal to zero:9 

e, = f2.303 log( l/{log K, - log K, - log 2))]‘” (13) 

It is possible to obtain further values for comparison, 
by using equation (12) with other ligands, and when 
this was done satisfactory agreement was obtained. 
Furthermore, it is possible to obtain the values of 
both ci,, and cr. from the concepts of Klopman’3 and 
of Parr and Pearson,” as was shown by Brown and 
Sylva.9 

The condensation step (log C) for formation of the 
polynuclear species (r, s) can be expressed by 

logC=f~/(r-I)l[log8,+logU,-slogB,,l (14) 

and by analogy with equation (5), we can write 

log C = Intr + Sip, Lsi (zM /r f + g2 11 (15). 

where Int, and Sip, are the least-squares intercept and 
slope values of linear equations for the polymeric 
species. Substitution of equations (5) and (15) into (8) 
leads to 

log BW = [(P - l)(W) + q(Inti) 

+ 0 - l)(Slpr) + 4(SbI)Ikh(hAf +gdl 

- log upp WI 

which expresses #lw solely in terms of properties of the 
reacting metal ion and ligand. 

Zachariasen” showed that in the solid state the 
ionic radius of oxo-metal ions such as dioxo- 
uranium(V1) depends on both the nature and number 
of the ligands bonded to the metal ion. Brown and 
Sylvag demonstrate a similar dependence in aqueous 
solution; that is, the value of the function 
g,(z,/& + g2) in equation (8) depends specifically on 
the nature of the l&and. Indeed, they were able to 
show that the value of g, (zM /r L + gz) was a function 
of the pk;, value of the acid form of the ligand. They 
described this dependence by 

log Blr = Inti + Slpi ~i(zr&,)& + a) 

+ 1.125z,(px; + 411 (17) 

Table 1. Maximum ionic radii of 
dioxoactinides 

Metal Max. ionic 
ion radius. 18 

PaOc 1.02 
uo; 1 .os 
uo;+ 0.98 
~~ 1.01 1.08 

PU0: 1.11 
PU0:+ 1.04 
AmO$ 1.14 
Alllot+ 1.07 
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Table 2. Comparison of predicted and averaged literature values of the 
formation constants of hy~oxo~ctinide complexes 

-log& Number of 
Metal species, literature 
ion @* 4) Predicted Literature detonations 

AS? 
Pa’+ 

US+ 

W 

Np3+ 

Np”+ 

NpW 

w+ 

Pu4” 

Am3+ 

Th4+ 

8.64 
2.41 
5.37 
7.92 

16.88 
26.76 
37.51 
2.26 
J.10 
8.39 

12.07 
16.10 
10.86 
22.53 

5.33 
11.11 
17.23 
5,81 

17.14 
11.93 
24.16 

7.11 
16.54 
26.17 
36.62 
10.48 
1.96 
4.50 
7.48 

10.87 
14.62 
5.47 

11.42 
17.75 
6.59 

19.43 
13.48 

lZ! 
25143 
35.62 
10.18 

1.64 
3.92 
6.73 

10.01 
13.73 
10.94 
22.73 
5.59 

11.74 
18.33 
7.30 

20.97 
14.90 
7.45 

15.81 
24.94 
34.80 
10.07 
28.38 
2.69 
5.91 
9.53 

13.51 
33.62 (4,121 

(6,151 39.82 

8.07 

8:: 
7.00 

17.00 
21.00 
39.00 
0.76 
2.60 
5.80 

10.30 
16.00 
10.00 
20.00 

5.42 
10.80 
21.00 

5.65 
15.60 
11.96 
21.90 

7.15 
17.00 
27.00 
38.00 
13.00 

1.49 
2.80 
5.60 
9.90 

17.00 
5.09 

10.20 
19.00 
6.42 

17.54 
13.00 
6.88 

15.90 
25.30 
35.80 
12.00 
0.69 
2.30 
5.30 
9.50 

15.00 
9.70 

19.00 
5.62 

10.81 
20.00 

8.34 
21.62 
15.00 
8.00 

16.90 
26.50 
37.10 
13.86 
28.50 

3.12 
6.57 

10.26 
14.66 
26.70 
36.32 

1 
1 
1 

: 
I 
I 

38 

: 
3 
1 

: 
I 
1 

12 

: 

: 
1 
1 
1 
1 
2 
1 
1 
1 

: 
1 
1 
3 
3 
1 
2 

: 
1 
1 

f 

: 
2 
2 

: 
2 

: 
3 
1 

: 

: 

: 

:: 
3 
4 
1 
6 
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where (r& is defined as the maximum allowable 
ionic radius in the case of a ligand bound in the 
primary hydration sphere of the metal ion. However, 
as the ionic radius varies with the nature of the ligand 
it would be more appropriate to express this de- 
pendence in terms of an “apparent ionic radius” 

(r&M : 

h3B,1= In& + SlP1k,(d(~.,X4 +a)1 (18) 

(rpph4 = (~o)Mk,/k, + ~.1w&@K+411Y’* (19) 

The argument for the use of equation (18) rather than 
(17) (from which it is derived), is that it demonstrates 
that the oxo-cations, like all other metal ions, can be 
treated in terms of equation (5): with the other metal 
ions the apparent ionic radius is the actual ionic 
radius, whereas with the oxo-metal ions the radius is 
given by equation (19). Table 1 gives the values of 
the maximum allowable ionic radius, (r&,,, of each 
dioxoactinide ion. 

As might be expected, there are fundamental re- 
lationships between the intercept and slope of equa- 
tion (16) and the properties of the ligand, since their 
values are solely ligand-dependent. The relationships 
have been described’ by the equations. 

Slp, = 0.031 + 0.0078 pK, (20) 

Int, =O.ll-4.10[1+(3 -zL)(zL+ l)]Slp, (21) 

SlP2 = 0.1870; - 0.8140, + 0.78 (22) 

Int, = 3.58 - 62.67 Sip, (23) 

where z, is the charge of the ligand and 0, is the 
number of ligand molecules bonded to each metal 
ion. 

Use of these equations thus allows the prediction 
of the formation constants of actinide complexes at 
zero ionic strength and 25”. The usefulness of the 
method is illustrated by Tables 2 and 3, in which the 
agreement between the predicted and averaged litera- 
ture formation constants of (a) hydroxo-actinide 
complexes (Table 2) and (6) complexes of dioxo- 
uranium(W) (Table 3) are compared. The literature 
value is the average of the reported values quoted in 
a number of formation constant compilations.s~‘a21 
Error limits for each complex have also been esti- 
mated on the basis of the number of formation 
constants cited and the stoichiometry of the species. 
Comparison of the averaged literature values (and 
their estimated errors) with the predicted values 
shows that 63 of the 67 predicted constants for the 
hydroxo-actinide complexes, and 28 of the 29 for 
dioxouranium(V1) complexes, fall within the esti- 
mated error limits. For actinide complexes in general, 
247 of the 256 predicted formation constants are 
expected to fall within the error limits, thus demon- 
strating the value of the developed method. Never- 

‘Table 3. Comparison of predicted and averaged literature values of 
the formation constants of dioxouranium(V1) complexes (inorganic 

complexes only) 

log B&q Number of 
Species, literature 

Ligand @* 4) Predicted Literature determinations 

OH- -5.33 -5.42 7 
-11.11 - 10.80 1 
- 17.23 -21.00 1 iz 2) -5.81 -5.65 12 
- 17.74 -15.60 7 
-11.93 -11.96 4 
-24.16 -21.90 1 

SCN- 0.88 0.93 1 
Cof- 8.29 8.70 2 

il,i, 15.75 16.25 
(1.3) 22.64 21.00 

HPOi- 7.69 
13.79 

pro:- 2.06 
2.57 
1.79 

SG- 2.65 
4.05 
4.46 

F- 4.90 
8.50 

10.93 

8.43 
18.69 
3.00 
5.50 
7.46 
2.79 
3.73 
4.70 
5.12 
8.76 

11.29 
(1; 4j 12.23 12.08 

Cl- (191) 0.45 0.24 
0.60 -0.92 
0.57 -2.62 

Br- 0.29 -0.20 
IO, 1.91 3.49 

2.16 4.43 

4 
5 

1 
1 
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theless, it would appear that in a small number of 
cases the method gives predicted formation constants 
which are grossly inaccurate. In most (but not all) of 
these cases, however, the experimental value would 
seem questionable since (i) only one determination 
has been made, (ii) experimental difficulties resulting 
from reactivity and leading to precipitation (e.g., 
Pa4+)lo may give unreliable constants, (iii) the step 
wise formation constant Kq is greater than K,- , (e.g., 
the stepwise formation constant of UO,(HPO,):- is 
two orders of magnitude greater than that of 
UOJHPO,), whereas the opposite normally occurs,’ 
and (iv) computational difficulties in determining the 
formation constant at zero ionic strength for oligo- 
nuclear complexes [e.g., Tb(OH):: and m(OH)T:] 
can lead to inaccurate formation constants. In other 
cases though, it is possible that assumptions made in 
the present theory are inaccurate. For example, the 
large deviations for the (3,5) and (4,7) species of 
dioxoactinide ions may be a result of assuming that 
all the bonds in the complexes are of hydroxo- 
actinide type, when it is likely that oxo-actinide bonds 
may he invo1ved.‘o All these deviations are currently 
being investigated. 

Conclusion 

A new unifying theory for prediction of complex 
formation constants for actinide complexes has heen 
described. The overall agreement between predicted 
and averaged literature values demonstrates the accu- 
racy of the numerical method. The theory will be of 
great value in obtaining formation constants for 
compounds for which such data are limited, uncer- 
tain, or non-existent. Its usefulness to actinide chem- 
ists is enhanced further since many of the data cannot 

be directly determined in the laboratory, owing to the 
radioactive nature of the parent actinide. 
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Summary-A method for periodate determination is given which combines the rapidity of flow-injection 
analysis and the sensitivity of chemiluminescence (CL) detection. It is based on the CL emission generated 
during oxidation of pyrogallol by periodate, and gives a relative standard deviation of 3% and a detection 
limit of 350 ng with the instrumentation used. The method has been applied to determination of ethylene 
glycol, with a detection limit of 0.5 gmole. The accuracy of the method is quite good when the ethylene 
glycol is oxidized in unbuffered solutions, and the interference- due to fo~aldehyde produced can be 
halved by prior addition of an appropriate amount of iodate. A throughput of I5 sample@& is possible, 
and the method is suitable for automation and remote control. 

Determination of periodate is almost exclusively re- 
lated to analysis of organic compounds that have 
vi&al -CH@H, -CHO, >CO, or -COOH 
groups, especially polyhydroxy compounds. The con- 
sumption of periodate is determined by measurement 
of the periodate concentration before and after oxi- 
dation of the organic compound; titrimetric 
methodsle3 are usually used. 

The Miller-F~~~rger method’ is based on addi- 
tion of iodide and titration of the iodine produced, 
but has the disadvantage that the iodine may react 
further with some of the products of oxidation. Some 
workersc6 have reported doubts of the reliability of 
the Fleury-Lange method2 for determination of 
excess of periodate in analysis of carbohydrates. 
Other workers,“‘O dealing with specific carbohydrate 
compounds, have found errors due to iodination 
or further oxidation by iodine formed during the 
determination procedure, or to incomplete reaction 
between iodine and arsenite. In addition, all the 
procedures above are time~ons~ng and not 
applicable in flow systems. 

A spectrophotometric method” is also used for the 
determination of very small quantities of periodate by 
monitoring of the absorbance at about 222.5 nm, but 
it suffers serious interference from iodate and the 
probability of oxidation of HCHO and HCOOH 
in the light-beam. Ponsi2 employed H-acid as a 
spectrophotometric reagent for periodate but the 
method is time-consuming and needs further 
statistical validation. 

It has recently been reported*3v’4 that chemi- 
luminescence (CL) is generated during the oxidation 

*Present address: Laboratory of Analytical Chemistry, 
Department of Chemistry, University of Ioannina, 
Ioannina, Greece. 

of pyrogallol with periodate, and this forms the basis 
of the method reported here. 

EXPERIMENTAL 

Reagents 
All chemicals were of analytical-reagent grade and demin- 

eralized distilled water was used throughout. The reagent 
solutions were prepared as described earlier.” 

Ethylen~Iyco~ (EG) aqueous solution, 0.5&f. Dissolve 
31.04 g of ethylene glycol in 1 litre of water, and dilute 
further as required for lower concentration solutions. 

Phosphate buffer, pH 8.0. Dissolve 13.6 g of potassium 
dihydrogen phosphate in water, adjust the pH with 1M 
sodium hydroxide and dilute to 1 litre. 

Apparatus 
The flow manifold (Fig. 1) and deteztor’5 used have 

already been described.13 

Method 
A sample (40~1) of periodate solution or the reaction 

mixture of excess of periodate with ethylene glycol is 
injected into the carrier stream of buffer solution, and then 
mixed with tbe reagent (either pyrogallol solution or 
pyrog~loI-hydroxyla~ne solution). 

For periodate determination the reagent stream is 
[pg], = mx], = 1.0 x 10e3M in pH 8.0 phosphate btier. 

RESULTS AND DISCUSSION 

The CL emission generated during oxidation 
of pyrogallol with periodate is rather weak and 
relatively insensitive to changes in periodate conoen- 
tration, but can be enhanced by the addition of 
hydroxylamine to the system.13 

Optimization of conditions 

The reagent is a btiered solution of pyrogallol 
(pg) and hydroxylamine (Hx), which are considered 
to form a condensation product 

Pg + Hg z$ Pg-Hx 
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1 ml/min 

Fig. I. Manifold and instruments used for the mixing and for monitoring the generated CL emission. (SI) 
carrier stream; (SZ) reagent stream; (V) sampie valve; OK) waste; (C) cell; (A) pump; (3’) photom~tiplier; 

(R) recorder. 

that acts as a sensitizer in the oxidation of Pg with 
periodate.” However, any free hydroxylamine acts as 
an inhibitor by reduction of periodate. 

The effect of the concentration of each reactant 
on the overall CL emission was studied by varying 
the concentration of either Pg or Hx (keeping the 
concentration of the other fixed) at two levels of 
periodate concentration, 1.0 x 10A3M (low) and 
1.0 x IO-*&# (high). 

Figure 2 shows that for [IO;] = 10W3M and [Hx] = 
10-3M the CL is maximal at pg] = 5 x 10T4A4, and 
that for [IO,-] = 10V2M and [Hx] = 10W3M the maxi- 
mum is at [pg] = lo-‘M. The decrease in CL with 

1500 

- 
1 2 3 

I:Pgl x IO3 

500 

ooo 

500 

t 

Fig. 2. Effect of pyrogallol concentration at 
[Hx]@ = 1.0 x IO-‘M. Conditions: pH 8.0; [IO,-], 

1.0 x 10-3&I (I), 1.0 x lo-*M (2). 

increase in f_Pg] after the maximum is presumably a 
consequence of an inner filter effect of the Pg. 

Efict of ~ydroxyiam~~ conee~tratio~ 

This was examined at two concentration levels of 
Pg, 5.0 x 10V4 and 1.0 x 10e3M and two periodate 
concentrations, 1.0 x lo-’ and 1.0 x 10e2M, Fig. 3. 

At the lower periodate level (lo-‘M) the CL 
obtained from 5 x 10-4M Pg is maximal at 
5 x 10e4M Hx concentration, and is higher than that 
for 1.0 x 10-‘M Pg, which occurs at 2 x 10-3M I-Ix. 
This suggests competition between Nx and the 
Pg-Hx complex for oxidation by periodate, and this 
is substantiated by the results for the 1.0 x IOmZM 
periodate system, where the larger excess of periodate 
can accommodate the competitive reduction by Hx. 

Analysis of effects and interactions 

It was obvious that the system was complicated, 
so a 2j factorial experiment was performed at two 
levels of each reactant, 1.0 x IO-* and 1 x 10m3A4 
periodate, 5.0 x 10W3 and 5.0 x 10-*M Hx and 
2.5 x 10m3 and 5 x IOm4M Pg. The residual variance 
found for 12 measurements under identical condi- 
tions was S; = 379.5. Table 1 clearly demonstrates 
that all the effects and interactions of the analytical 
concentration levels are significant at the 95% level, 
especially the interaction between Pg and Hx. The 
next most significant are the effect of periodate and 
the ternary interaction between all three reactants. 

Effect of reagent concentrations on periodute cali- 
bration curues 

The concentrations of the reactants at equilibrium 
were calculated for an analytical Hx concentration 
of 1.0 x 10e3A4 and analytical Pg concentrations 
of 5.0 x 10m4, 1.0 x 10V3 and 2.5 x 10W3M, on the 
basis of reaction (1) and the assumption that 
Ic; = 1 x l@, and are given in Table 2 together 
with ~g-Hx~/[Pg~ which represents the ratio of 
[sensitizer]/[CL generator]. 

Calibration curves for periodate over the range 
O-O.OlM, for each of the [pg], [Hx] combinations, are 
shown in Fig. 4. It is clear that the equimolar mixture 
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Fig. 3. Effect of hydroxylamine concentration at (a) [IO; ]o = 1 .O x lo-‘M and (b) PO; ]o = 1 .O x lo-*M. 
Conditions: pH 8.0; pg],, 5.0 x 10m4M (l), 1.0 x lo-‘M (2). 

of Pg and Hx gives the greatest sensitivity and widest 
useful range. 

Optimization of the sensitivity 

The shape of the calibration curve is dependent on 
both [CL generator] and the ratio [sensitizer]/[CL 
generator]. Since it is not possible to adjust [pg-Hx], 
independently of PgL, it is necessary to find the 
analytical concentrations [Pg], and [Hx], which opti- 
mize the CL emission. As an equimolar mixture 
seemed best (Fig. 4), the effect of varying [pgb 
(= [Hx],) was examined. Figure 5 shows that 

[Hx], = Pg10 = 1.0 x lo-‘A4 gives the best result 
overall. The crossing of curves 2 and 3 at low 
periodate concentration is due to the competitive 
oxidation of Hx by periodate when the [Hx]/[IO;] 
ratio is high, resulting in less CL. 

For low periodate concentration (<O.O125M) the 
FgJ,, = [Hxl, = 5.0 x lo-‘M combination gives the 
highest sensitivity (Fig. 5), with a relative standard 
deviation of 3% for ten measurements in the middle 
of the steep part of the calibration curve. 

For high periodate concentrations the calibration 
curve with Pg],, = [Hxl, = 1 .O x 10e3M is more con- 
venient, and gives the same r.s.d. value. 

Table 1. Analysis of significance of effects and interactions (F-test)‘%*’ 

Effect on 
Effects and CL signal B = mean* 95% 
interactions height, mV square C = S: x F;, B/C Significance 

P’gb 121 29,282 >l Yes 

Fi]$xl0 
[PgkCr b 

432 335.5 112.5 225,120 373,248 25,312 379.5 x 4.84 = 1836 >l >1 >l Yes Yes Yes 
216 93,312 >l Yes 

Wxb[IO,_ b 210 88,200 >I Yes 
P~bFWo[IOi lo 300.5 180,600 >1 Yes 

*Mean square of each effect or interaction. 

Table 2. Calculated equilibrium concentrations of Pg-Hx, Pg and Hx 

Dw& Er Fg;--Ileq* lPg 8 
m b 

y-lg 
PHW,,Rpgl, 

1.0 0.5 0.22 0.28 0.18 0.78 
1.0 1.0 0.38 0.62 0.62 0.62 
1.0 2.5 0.65 1.85 0.35 0.35 
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

[Periodate] x10* (M) 

d ;;;pz 
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Fwiodatel x102(M) 

Fig. 4. Periodate calibration curves at constant [Hx]. Con- 
ditions: [Hxl, 1.0 x IO-‘M; pH 8.0; [pg], 2.5 x lo-‘M (I), 

Fig. 5. Periodate calibration curves at a ratio of 

1.0 x 10-‘&f (2) 5.0 x 10-4M (3). 
[Pgb/[Hx], = 1. Conditions: pH 8.0; [Hxl, 1.0 x 10-4M (l), 

5.0 x 10-4M (2), 1.0 x 10-3&f (3). 

Application to determination of organic compounds 

Periodate is almost exclusively used in analysis 
of organic compounds that have vicinal hydroxyl, 
carbonyl or carboxylic acid groups, which are 
oxidized to aldehyde, carboxylate or carbon dioxide 
respectively. 

The most important group determined by 
periodate oxidation is that of polyalcohols. Excess of 
periodate is added and the surplus determined. This 
can be done by the method proposed here. The 
application has been tested with ethylene glycol. 

Ethylene glycol oxidation in bu$ered solution (pH 
8.0). Ethylene glycol was treated with excess of 
periodate in aqueous solution buffered at pH 8.0 and 
after the end of the reaction a small volume of the 
reaction mixture was injected into the FIA manifold 
for periodate determination. 

Table 3 gives the results for a series of 5.0-ml 
volumes of 1.0 x IO-*&f periodate to which 0.05 ml 
of 0.5M ethylene glycol plus O-0.30 ml of 0.05M 
ethylene glycol had been added. 

The residual periodate concentration in each 
sample was calculated and compared with the 
value expected from the reaction stoichiometry. 
Comparison of columns 3, 5 and 7 of Table 3 
shows there is over-consumption of periodate by low 
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quantities of ethylene glycol, but lower consumption 
than expected at the higher quantities. This may 
be explained by the fact that with high excess of 
periodate there is oxidation of the formaldehyde 
formed’61g but with low excess of periodate the 
oxidation of ethylene glycol reaches completion very 
slowly. 

Ethylene glycol oxidation in unbuffered solution. 
The results in Table 4 for oxidation with 5 ml of 
2.5 x lo-‘A4 periodate mixed with ethylene glycol 
show an improvement, but the reaction is still slow to 
reach completion when the excess of periodate is 
small. 

The recommended method is addition of a fixed 
volume of sample solution, (e.g., 0.05 ml) containing 
not more than 10 pmole of ethylene glycol, to 5.0 ml 
of 2.5 x 10-‘&f periodate, and measurement of the 
periodate excess as already described. 

A linear calibration graph for 
ethylene glycol added is obtained 
O-10 pmole. 

the amount of 
over the range 

Selectivity 

Oxidation of ethylene glycol by periodate leads 
to the formation of formaldehyde and iodate: 

HOCH,CH,OH + IO; -, ZHCHO + IO; + H,O 

Table 3. Excess of periodate, calculated from CL emission after oxidation of ethylene glycol with 
periodate in pH 8.0 buffer solution 

Experimental 
signal peak height 

Ethylene glycol 
added, 
mole 

Calculated 
periodate 

excess, 
mole 

[Periodate] 
excess, 
mM 

30min after mixing 

[Periodate] 
CL, excess, 
mV mM 

60 min after mixing 

[Periodate] 
CL, excess, 
mV mM 

25 25 5.0 850 3.10 780 2.80 
30 20 4.0 820 3.05 750 2.70 
35 15 3.0 720 2.70 670 2.50 
40 10 2.0 630 2.50 620 2.30 
45 5 1.0 500 1.95 480 1.85 
50 0 0 350 1.45 325 1.35 
55 0 0 200 0.95 200 0.95 
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Table 4. Excess of periodate calculated from CL emission after oxidation of ethylene glycol with periodate 
in unbuffered aaueous solution 

Experimental 
signal peak height 

Ethylene glycol 
added, 
mole 

Calculated 
periodate 

excess, 
mole 

Immediately after mixing 90min after mixing 

[Periodate] [Periodate] [Periodate] 
excess, CL, excess, CL, CXCZSS, 

FnM mV mM mY mM 

0.0 12.5 2.5 690 2.55 680 2.50 
2.5 10.0 2.0 555 2.10 530 2.02 
5.0 7.5 1.5 410 1.55 350 1.40 
7.5 

10.0 :3 
1.0 290 1.25 210 1.00 
0.5 175 0.85 60 0.52 

12.5 
8 

165 0.82 25 0.25 
15.0 150 0.77 0 0 

The formaldehyde is a reductant and the iodate an 
oxidant, so both may interfere in determination of the 
periodate excess. Table 5 shows the effect of some 
products from periodate oxidation of polyalcohols. 

The interference from fo~aldehyde and formic 
acid is rather high, but can be decreased by the 
presence of an equimolar amount of iodate. 

Application of the method to aqueous samples 

Sample solutions were prepared by dissolving 
a known volume of ethylene glycol (analytical- 
reagent grade) or commercial antifreeze (containing 

fluorescent dyestuff) in water, or by diluting the 
water/antifreeze mixture from a car radiator. The 
samples were analysed by the Fleury-Lange and 
CL-emission methods. The results are shown in 
Table 6. There was good agreement for the pure 
ethylene glycol solutions, and fairly good agreement 
for the other samples. No problems were caused by 
the fluorescent dyestuffs. 

Conchisions 

The method is rapid, and reasonably accurate and 
reproducible. When the oxidation reaction used in 

Table 5. Selectivity 

Added, 
vole 

Relative Equivalent 
decrease of amount of 

CL emission, ethylene glycol, 
% lunofe 

Ethylene glycol, 2.75 100 2.75 
Formaldehyde, 2.75 13.3 0.37 
Formic acid, 2.75 27.7 0.76 
Acetic acid, 2.75 3.2 0.09 
Formaldehyde + iodate (2.75 + 2.75) 6.9 0.19 
Formic acid + iodate (2.75 + 2.75) 8.2 0.23 

Table 6. Dete~nation of ethylene glycol content of aqueous samples 

Ethylene glycol content, 
mg Iml 

Sample 

Ethylene glycoi solutiona 
A 
B 
C 
D 

Antifreeze solutions 
BP 
Glycoshell 

Cur radiator water 
One-year old car 
Six-year old car# 
Seventeen-year old car$ 

l r.s.d. 2%. 
7r.s.d. 3%. 

Fleury-Lange* 
method 

2.79 
3.26 
3.72 
4.06 

3.30 
3.35 

0.336 
0.458 
0.031 0.062 

CL detectiont 
method 

2.79 
3.26 
3.63 
4.03 

3.40 
3.53 

0.372 
0.418 

gRadiator content renewed in previous year. 
#Car radiator with tiny leaks. 

TAL M/3-B 
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the application is fast, the whole determination can 
be performed in the flow-injection system by merged 
flow of separate solutions of the sample and the 
periodate, followed by passage of the mixture 
through the sampling valve, and injection of a sample 
into the carrier stream. The system could even be 
used for continuous monitoring of a process stream. 
The kinetics of oxidation of a specific polyhydroxy- 
compound with periodate can also be followed fairly 
easily with approp~ate a~~gement of the stream 
which leads to the sample loop. Such systems can be 
automated and are suitable for remote control. 
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Summary-A method for the differential-pulse polarographic determination of nifedipine has been 
developed, based on the electrochemistry of the aromatic nitro group in the drug. Polarography has also 
been used in studies of the photodegradation of nifedipine, which is highly light-sensitive under ultraviolet 
light and artificial daylight. 

Nifedipine, methyl-l ,4-dihydro-2,6-dimethyl-4-(2- 
nitrophenyl)-3,Spyridine dicarboxylate (Fig. l), is 
one of a class of drugs known as calcium antagonists, 
which have recently become available for clinical 
use’s2 as coronary vasodilators. The drug is usually 
given orally or intravenously, and the therapeutic 
range in plasma is 25-100 j4g/l. It is extensively 
metabolized before it is excreted. The drug is also 
light-sensitive, especially in solution. When exposed 
to ultraviolet light it is converted into 
4-(2’nitrophenyl)pyridine and under visible light it is 
oxidized to the 4-(2’nitrosophenyl)pyridine homo- 
logue (Fig. 2).>’ Because of this, special care must be 
taken in determining it. Methods available are based 
on fluorescence,6 gas chromatography with flame 
ionization,’ mass spectrometric* or electron capture9 
detection, liquid chromatography,3 HPLC with 
electrochemical detection,” and polarography.” 

There is a pressing need for improved techniques 
for determination of nifedipine in biological fluids 
and in pharmaceutical preparations. HPLC appears 
to be the best method for use with biological fluids, 
and polarography for pharmaceutical preparation. 
This paper describes the reduction of nifedipine and 

H$OOC 

W 

Fig. 1. Molecular structure of nifedipine. 

its photodecomposition products by differential pulse 
polarography (dpp), and a method for determination 
of its stability in pharmaceutical preparations. 

Chemicals 

EXPERIMENTAL 

Nifedipine was obtained from Laboratorio Bayer (San- 
tiago, Chile). McIlvaine and Sarensen buffers were used. 
The ionic strength was kept constant at 0.3M with potass- 
ium chloride. The drug and its photodecomposition prod- 
ucts were dissolved in buffer-than01 mixtures. All other 
chemicals were of analytical reagent grade. The solutions 
were polarographcd after deoxygenation by passage of a 
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Fig. 2. Molecular structure of photo&composition products 
obtained on exposure to (a) ultraviolet light; (b) daylight. 
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stream of purified nitrogen for 10 min. Peak potentials (E,) 
were measured against an Ag/AgCl reference electrode. 

Apparatus 
A Tacussel EPL-3 recorder equipped with a TI-PULS 

module was emnloved. A Tacussel CPRA thermostatic 
polarograpbic ceil dth a dropping mercury electrode (drop- 
time 1 .O set), an Ag/AgCl reference electrode and a plat- 
inum wire counter-electrode were used. Polarograms were 
recorded starting from an initial potential of - 0.1 V at a 
scan-rate of 10 mV/see in the cathodic direction. The pulse 
modulation was 60 mV and the current range was varied 
from 0.25 to 12.5 pA as required. For degradation studies 
of the drug an ultraviolet lamp (366 nm, 250 W) was used. 
A Varian Anaspect EM-360 NMR spectrometer and a Leitz 
Model III G infrared spectrometer were used in elucidation 
of the photodecomposition. 

RESULTS AND DISCUSSION 

Nifedipine contains two redox centres, a dihydro- 
pyridine ring and an aromatic nitro group. For 
reduction studies the second is the more important. 
The electrochemical reduction of aromatic nitro com- 
pounds has attracted considerable attention in the 
past and has been reviewed.iZ Nifedipine exhibits only 
one polarographic wave throughout the whole pH 
range. This wave is due to the four-electron reduction 
of the nitro group to a hydroxylamine derivative and 
is electrochemically irreversible. The peak potential is 
a linear function of pH, with a slope (-63.1 mV/pH 
at 30”) that is consistent with the four-electron four- 
proton electrode reaction typical of the nitro group: 

RNO, + 4H+ + 4; + RNHOH + H,O 

The peak current remains practically unchanged 
between pH 3 and 11. 

For analytical purposes we have selected the 
peak obtained at pH 6 in a 70: 30 v/v phosphate 
buffer-ethanol mixture, mainly from considerations 

of the solubility and stability of nifedipine. The linear 
relation of the limiting current to the square root of 
the mercury column height (corrected for back- 
pressure) and a value of 2.3%/deg for the tem- 
perature coefficient indicate that the limiting current 
is diffusion-controlled. The diffusion current is a 
linear function of the nifedipine concentration. The 
smallest detectable concentration was 0.5 x 10-8M. 
The analytical procedure involves calibration over 
the concentration range from 0.7 x 10m4 to 
1.1 x lo-‘M. 

One of the most important advantages of the 
present method is that nifedipine remains stable 
under daylight conditions during the analysis. 
Furthermore, the proposed dpp method is an ade- 
quate tool for studying the photodecomposition of 
nifedipine. Several authors have reported that 
nifedipine is very light-sensitive in solution and spe- 
cial care must be taken in analysis for it. However, all 
studies related to the photodecomposition have been 
performed with purely organic solutions of the drug. 
Our studies have been made with aqueous alcohol 
solutions under three different conditions of light 
exposure: (a) artificial daylight (with a 4OCMOO nm 
range, (b) ultraviolet light (366 nm) and (c) room 
daylight. 

Artificial daylight 

A 1 x lo-‘A4 solution of nifedipine at pH 6 in 
phosphate buffer-ethanol (70:30 v/v) at 29” was 
irradiated with light from a lamp. The degradation 
was monitored by means of the polarographic peak 
at about -700 mV. The irradiation was continued 
until total disappearance of this peak. During this 
time, two new peaks at -1370 and -10 mV ap- 
peared. Figure 3 shows the differential pulse polar- 
ograms of a 1 x 10m4M solution of nifedipine before 

i 

!I 

i 
ov . 

Fig. 3. Differential pulse polarograms obtained for (a) nifedipine solution at pH 6 in ethanolic phosphate 
buffer (30:70 v/v), (b) a nifedipine solution after irradiation. 
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Table 1. Spectral data of nifedipine and derivatives from its photo-decomposition 

Daylight exposure Ultraviolet exposure 
spectrum Nifedipine derivative derivative 

Infrared, cm-! 3300 ZJ - 1680 1721 (c-_o) 1727 (c--o) 

1626-1647 - 1531 W 
(No:1 

1560 
1351 

(--c---D-I ti 

(NOI @ 
g; 

1230 (--c--o--) 1250 (--c~) 
1111 (-D--C%) (-0-W) 1111 (-C-W) 

NMR, ppm 6H 2.38 (C-W) 6H 2.68 (C-W) 6H 2.65 (C-W) 
6H 3.62 (--o--cH,) 6H 3.38 (-D-W) 6H 3.70 (--O--C%) 
lH 5.70 (4-W - 
1H 6.27 IN-H1 - - 
4H 7.0-7.7 (H arom.) 4H 6.6-7.8 (I-I arom.) 4H 7.1-8.2 (H arom.) 

and after the degradation. The more cathodic peak 
shows that strong adsorption takes place. The dpp 
peak current was used to estimate the degradation 
parameters. From the decrease in peak current with 
irradiation time, and assuming first-order kinetics, we 
have calculated a degradation rate constant of 0.036 
mini’ with tllz = 19.4 min. The degradation product 
was obtained quantitatively by irradiation of an 
ethanol solution (10 mg/ml) of nifedipine for about 
24 hr, and was isolated as described by Testa et af.4 

The yellowish green crystals obtained were assayed 
by NMR and infrared spectroscopy and from the 
results summarized in Table i it is easy to deduce that 
the product is 4-(2’~nitrosophenyl)-2,6-dimethyl-3,5- 
di~r~methoxypy~dine (Fig. 2), in agreement with 
earlier work.*5 This compound shows two dpp peaks, 
at -1370 and - 10 mV (pH 6, 29”), similar to the 
peaks that appear during the degradation process. 
The reaction that accounts for the peak at - 10 mV 
is the two-electron two-proton reduction of the 

aromatic nitroso group. The peak at - 1370 mV is 
due to the two-electron two-proton reduction of 
the azomethine group in the pyridine ring of the 
degradation product. 

Vftraviofet fight 

Two different kinds of behaviour in the course of 
irradiation at 366 nm can be distin~ished, depending 
on the irradiation time. First, at relatively short 
times, there is a decrease in the nifedipine dpp peak 
and the appearance of two new peaks at - 1370 and 
- 10 mV; the degradation parameters, assuming 
first-order kinetics, are a rate constant of 0.095 min-’ 
and tii2 7.29 min. Secondly, at longer irradiation 
times, the dpp peak at - 10 mV decreases and a new 
peak appears at -540 mV. The peak at - 1370 mV 
remain unchanged. Once the degradation is complete 
(total disappearance of the peak at - 10 mV and a 
steady peak at - 540 mV) the polarogram shows two 
major peaks at - 540 and - 1370 mV, Another broad 

. ..___-_.__- .i 
Fig. 4. Differential pulse polarograms of (a) nifedipine solution at pH 6 in ethanolic phosphate buffer 
(30: 70 v/v) after irradiation with ultraviolet light for 24 hr, (b) ethanolic phosphate buffer (30:70 v/v), 

after irradiation as for (a). 
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wak. due to irradiation oroducts from the ethanol. Acknowledaemenls-This research was SUDDOrkd bv grants . , 
appears at - 1120 mV (Fig. 4). The degradation No. 192/8g from FONDECYT and No.‘G2747-88i3-from 

product was obtained according to Testa et aL4 and D.T.I. University of Chile. Furthermore the authors express 

examined by NMR and infrared (Table 1). It was 
their gratitude to F&a P&z and Judith G6mez for their 

found to be 4-(2’-nitrophenyl)-2,6-dimethyl-3,5- 
assistance in writing this paper. 

dicarbomethoxypyridine (Fig. 2a) and was re- 
sponsible for the peaks at - 540 and - 1370 mV. The 
reaction that accounts for the peak at - 540 mV is the 
four-proton, four-electron reduction of the aromatic 
nitro group, and the peak at - 1370 mV is due to 
reduction of the pyridine ring. 

The degradation thus takes place in two con- 
secutive steps with the “daylight product” as the 
intermediate. This can explain the disagreement in 
the literature concerning the product from ultraviolet 
irradiation. Jakobsen et al.’ and Testa et a1.4 found 
that the nitro derivative was produced (Fig. 2a), 
whereas Ebel ef aLI obtained only the nitroso de- 
rivative. Our study concludes that both derivatives 
can be obtained, depending on the duration of 
irradiation. 

Room daylight 

No degradation was observed during up to 580 min 
exposure to room conditions of daylight. This result 
is important, because it eliminates a precaution other- 
wise necessary in the analytical procedure. 
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summuY_-Kelex 100, a commercially available alkylated oxine derivative, is shown to be effective, in 
purified form, for the simultaneous extraction of trace levels of Cd(M), Co(II), Cu(II), Mn(II), Ni(II), 
Pb(II), and Zn(I1) from natural waters into toluene. ‘l-he high lipophilicity of the extractant and its chelates 
affords large preconcentration factors in a single batch-extraction. Back-extraction with a small volume 
of nitric acid provides additional enrichment for subsequent determination of total (soluble) metal by 
graphite-furnace atomic-absorption spectrometry (GFAAS). Calibration with standard solutions can be 
used, which has advantages over the method of standard additions. 

Within the last decade, numerous techniques have 
been developed for multielement preconcentration of 
trace metals from natural waters. Among the most 
widely applied are ion-exchange chromatography 
and solvent extraction.‘” The former generally 
affords larger preconcentration factors since the de- 
gree of enrichment is limited only by the volume of 
sample available and the volume of eluent required to 
strip the sorbed metal-ions from the resin. Solvent 
extraction procedures have been limited to practical 
preconcentration factors of 100 or less in a single 
batch-extraction,’ owing to limited metal-chelate dis- 
tribution ratios and the volume of organic phase that 
can readily be separated from the aqueous phase. 

Extractions involving highly lipophilic chelating 
agents (“liquid cation-exchangers”) have been exten- 
sively used in hydrometallurgy**9 and have been the 
subject of fundamental investigations,‘O-‘* but their 
application to environmental analytical chemistry has 
received very little attention” despite their high distri- 
bution ratios. 

We therefore decided to investigate the poten- 
tial of a proprietary alkylated derivative of oxine 
(8-quinolinol), 7-(4-ethyl-l-methyloctyl)-8-quinolinol 
(HL), the active component of the commercial prod- 
uct Kelex 100, as a group extractant for environ- 
mentally significant trace metals in natural waters. In 
addition to possessing unselective complex-forming 
characteristics similar to those of its parent com- 
pound, the enhanced lipophilicity of HL relative to 
oxine should make higher distribution ratios at- 

*Author for correspondence. 

tamable. The efficiency of HL in toluene for extrac- 
tion of nine trace metals from artificial and natural 
sea-water as well as natural lake-water matrices, has 
been studied with radioisotopes, as a function of pH. 
The optimized preconcentration procedure has been 
applied to the sea-water reference material, CASS-1. 

EXPERIMENTAL 

Reagents 
Bamstead “NANOpure” distilled demineralized water 

(DDW) was used throughout. Baker Ultrex or Instra- 
Analyzed acids and bases were used for the adjustment of 
pH and the preparation of buffer solutions. To remove 
associated trace metal impurities, buffer solutions were 
passed through a Chelex 100 resin column (200400 mesh, 
Bio-Rad). All other chemicals used were reagent grade, 
Metal-ion solutions were prepared by appropriate dilution 
of Fisher 1000 &ml atomic-absorption standard solutions. 

Kelex 100 (lot number 3349-72, manufactured by the 
Sherex Chemical Company, Dublin, Ohio) was kindly sup- 
plied through Henley Chemicals (Scarborough, Ontario). 
A previous study” and an internal document” reveal that 
Kelex 100 contains approximately 15% of organic im- 
purities and by-products, specitically a Cu alkylated oxine 
derivative (w 3%), oxine (60.5%), and C, and C, alkylated 
furoquinolines (* 12% total). The commercial product was 
purltied from traces of oxine by washing with 1M hydro- 
chloric acid.i6 The remaining organic impurities were re- 
moved by repeated fractional distillation at 134-136”/0.1 
mmHg. The initial distillation removed the C, alkylated 
oxine and some of the C, and C, alkylated furoquinolines, 
leaving a fraction composed of approximately 90% HL, 7% 
C2 and 3% C, alkylated furoquinolines. A further three dis- 
tillations removed most of the non-chelating furoquinoline 
impurities, resulting in a final product which consisted of 
98% HL and 2% Cr alkylated furoquinoline. as determined 
by gas chromatography. The purified Kelex 100 still con- 
tained trace-metal impurities, most of which were removed 
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by washing a solution of the extractant in toluene with 10% 
v/v nitric acid, then DDW, and finally four times with O.lM 
EDTA (free from trace metals) at pH 7, the phase volume 
ratios being I : 1 for each step. 

The artificial sea-water was 0.77M sodium chloride, 
0.053M magnesium chloride and O.OlOM calcium chloride, 
prepared in DDW, to simulate the salinity and major 
inorganic ions found in sea-water. Natural water samples 
consisted of a National Research Council of Canada Near- 
shore Sea-water Reference Material, CASS-1, a coastal 
sea-water sample from Sandy Cove, Nova Scotia, and an 
offshore fresh-water sample from Lake Ontario (Station 
302, Western Basin). All samples were passed through a 
0.45-pm filter to remove particulates and were acidified to 
pH 1.6 to minimize trace metal losses during storage. 

Radiotracers were prepared by irradiation of the metal 
nitrates in the McMaster Nuclear Reactor. 

Apparatus 
Polypropylene and Teflon ware was used where appropri- 

ate. Prior to use, all laboratory ware was soaked in 10% v/v 
nitric acid and rinsed thoroughly with DDW. 

Measurements of y-radiation were made with an APTEC 
Ge(Li) coaxial detector interfaced to a Canberra Series 90 
multichannel analyser. The radiotracers were analysed in 
the following groups: MCo, 65Zn, ‘i5Cd, “Fe, m3Hg, “@“Ag 
(long-lived, t,,, & 20 hr); and wu, %Mn, 65Ni (short-lived, 
t,,* Q 13 hr). Samples were counted until a minimum of 
10,000 counts (background-corrected) was obtained for 
each isotope. Typical counting times were 3000 sec. 

Atomic-absorption measurements were made with a 
Perkin-Elmer Model 373 instrument equipped with an 
HGA-2200 graphite furnace atomizer/controller. The wave- 
lengths, slit-widths, lamp currents and temperature pro- 
grammes were those recommended in the applications 
manuaLi Sample volumes (20 ~1) were manually injected. 

Gas chromatographic analysis of Kelex 100 distillates 
were made with a Varian Model 3700 gas chromatograph 
equipped with a flame-ionization detector and a Hewlett- 
Packard Series 530 p fused-silica column (DB-1 stationary 
phase). A temperature programme from 100 to 300” was 
used. 

A Fisher Accumet 520 digital pH/ion meter equipped 
with a Ross model 81-55 combination electrode and 
standardized with appropriate buffers was used for pH 
measurements. 

A Burrell Model 75 wrist-action shaker was used for 
phase equilibration. 

Procedures 
Extraction. The radiotracers @‘Co, “‘Cd, 6’Zn, UC~, 6’Ni, 

s6Mn, 59Fe, m3Hg, and “@“Ag were used to determine 
extraction efficiencies with HL as a function of pH. The 
aqueous phase was 95 ml of artificial sea-water containing 
the radiotracers in the groups previously noted, at concen- 
trations of 5-50 ng/ml for each ion. The aqueous phase was 
adjusted to the desired pH with the appropriate buffer 
solution (0.6 ml), presaturated with toluene (100 ~1) and 
then extracted with 5.0 ml of the organic phase. Initial tests 
employed organic phases of 0.025, 0.25 and 0.50M HL in 
toluene. Because extraction of the radiotracers was incom- 
plete at [HL] < 0.25M, this concentration was employed in 
all subsequent extractions. Preliminary tests showed that 
equilibrium was achieved in 15 min of mechanical shaking. 
After complete clarification of the phases (2-3 hr), a 4.0-ml 
volume of each was counted. The degree of extraction of a 
metal-ion was obtained as the ratio of the counting rate 
found for the organic phase (corrected to 5.0 ml) to that of 
a 4.0-ml standard representing the activity added to the 
aqueous phase before extraction. For each radiotracer, the 
sum of the activities in the organic and aqueous phases was 
100 f 5% of the original activity in all cases. The y-ray 
energies used and the concentration of each radiotracer are 

Table 1. Radiotracers used and y-rays monitored 

Concentration y-Ray 
employed, energy, 

Radiotracer nglml keV 

lU(-J 5 527.7,492.5 
mco 5 1173.1, 1332.4 
6sZn 5 1115.4 
“Fe 20 1098.6, 1291.5 

s”‘Hg 20 279.1 
“OrnAg 5 657.8 

@Cu 5 511.0,1345.5 
56Mn 5 846.9 
6sNi 50 1481.7,1115.4 

given in Table 1. A radioisotope of Pb could not be 
generated by (n, y) reactions in the reactor and the extrac- 
tion efficiencies for this metal-ion with HL were obtained by 
GFAAS. 

Stripping. After extraction of the aqueous phase contain- 
ing the radiotracers, a 4.0-ml portion of the organic phase 
was stripped with 2.0 ml of a number of aqueous acids, 
including those. listed in Table 3. The phases were shaken 
for 15 min. After clarification of the phases (which took 
1 hr), 1.0 ml of each was counted and the degree of 
back-extraction was determined as above (lead by GFAAS). 

Effecr of phase ratio. The volume ratio of artificial sea- 
water to organic phase was varied to determine the practical 
preconcentration factors attainable. The aqueous phase 
(100, 250 or 500 ml) containing the radiotracers was buf- 
fered to pH 9.3 (the optimal pH) with 4M ammonia/0.4M 
ammonium acetate, presaturated with toluene, and extrac- 
ted as above with 1.0 ml of 0.25M HL in toluene. After 
clarification, a suitable volume of each phase was counted 
to determine the extraction efficiency. 

Recooery of radiotracer spikes from natural waters. 
Coastal sea-water and a Lake Ontario water sample (95 ml 
each) were spiked with radiotracers, buffered to pH 9.3, 
equilibrated for at least 2 hr, presaturated with toluene and 
extracted with 5.0 ml of 0.25M HL in toluene. Extraction 
efficiencies were obtained as before. 

Application to CASS-1 sea-water by GFAAS. The aque- 
ous phase (95 ml) was adjusted to pH 9.3, presaturated, and 
extracted with 5.0 ml of 0.25M HL in toluene. A 4.0-ml 
portion of the organic phase was stripped with 2.0 ml of 
16% v/v nitric acid, a portion of which was stored in 1.5-ml 
capped polypropylene tubes until ready for measurement by 
GFAAS. Calibration was done with standard metal-ion 
solutions made up in 16% v/v nitric acid. Blanks were run 
by applying the whole procedure to DDW. 

RESULTS AND DISCUSSION 

Up to 1976, the active component in Kelex 100 was 
7-(l-ethenyl-3,3,5,5-tetramethylhexyl)-8-quinolinol 
and various studies based on this (purified) com- 
ponent have heen reported.‘1~*3*‘8~19 Of particular in- 
terest is the report of Isshiki et al.” in which XAD4 
resin was impregnated with the compound for use 
in the extraction/preconcentration of trace metals 
from sea-water. After a change in the manufactur- 
ing process in 1976, the active agent in Kelex 100 
was identified14~‘5 as 7-(4-ethyl-l-methyloctyl)-8- 
quinolinol (HL) and no applications of the purified 
component to the preconcentration of trace metals in 
natural waters have heen reported, although the 
compound has heen adsorbed on XAD-7 resin for the 
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PH 

Fig. 1. Etliciencies for extraction of “Cu (e), @%o (a), 
WNi (m: ), %n (A), Pb (0), %Mn (A), and “Vd (Cl) with 

0.2 SM HL in toluene, as a function of PH. 

recovery of Ga(II1) from aqueous solution.” For 
analytical studies, the present-day Kelex 100, like its 
predecessor, requires considerable purification. This 
was accomplished by the procedure described above. 
A purification procedurem involving precipitation of 
the Pb(II) complex of HL was avoided because the 
removal of trace metal-ion contaminants from HL is 
tedious and difficult. Even with stripping of toluene 
solutions of HL with 10% v/v nitric acid, DDW, and 
O.lM EDTA (see above), the level of Cu(I1) con- 
tamination was still sufficient to give appreciable 
blank values (30% of the sample absorbance signal) 
in the determination of Cu(I1) in sea-water by 
GFAAS, although the blank levels for the other trace 
metals were low ( < 10% of the final signal). 

Extraction eficiencies and preconcentration factors 

The efficiencies for extraction of the radiotracers 
with 0.25M HL in toluene as a function of pH are 
given in Figs. 1 and 2. Nearly quantitative extraction 
of 1’sCd, “Cu, 6sNi, 56Mn, 6SZn and @‘Co from 
artificial sea-water was achieved over the pH range 
9.0-9.5. Pb, determined by AAS, was also extracted 
quantitatively in this pH range. For subsequent ex- 
traction work, the pH was set to 9.3. Of the nine 
radiotracers tested, only “OrnAg, 59Fe, and 203Hg were 
not extracted quantitatively at the desired pH. Ex- 
traction of ‘ibAg was not observed at any pH, owing 
to the large concentration of chloride in the artificial 
sea-water matrix and consequent formation of silver 
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Fig. 2. Efficiencies for extraction of 203Hg (0) and 59Fe (W) 
with 0.2% HL in toluene, and fraction (a) of uncharged 

hydroxides (---), as a function of PH. 

chloride complexes. The incomplete extraction of 
“Fe and 203Hg at pH 9.3 can be ascribed to hydrolysis 
of the metal-ions; specifically, to formation of the 
uncharged insoluble hydroxides. Figure 2 shows the 
per cent extraction and the fraction (a) of these ions 
present as uncharged hydroxide,” as a function of 
pH. The formation of chloride complexes in the 
saline aqueous phase also cannot be ruled out. 
Chiang22 reported a similar decrease in the distribu- 
tion ratio of Fe(II1) adsorbed on XAD-7, at pH 2 5, 
and the incomplete extraction of Hg(I1) with O.lM 
oxine in chloroform at pH > 3 was observed by 
Stary.23 

The values of per cent extraction (%E) for the 
six extractable radiotracers from artificial sea-water 
(95 ml) at pH 9.3 and V,/V, = 19 are given in 
Table 2. Because the extractions at this phase volume 
ratio are quantitative within experimental error, the 
efficiencies for single batch-extraction were also de- 

Table 2. Effect of varying aqueous to organic phase ratio on efficiency of extraction with 0.25M HL in toluene 
at pH 9.3 

% Extraction* 

Radiotracer VW/V, = 19 VW/V, = 100 VW/V0 = 250 VW/V, = 500 Dct 
l&-J 99 f 6 99*4 99*3 97k2 (1.62 f 0.05) x 10 
%u lOOi 98 f 3 98 f 2 96&2 (1.20 f 0.04) x 104 
%Mn 100*4 lOOf 96 f 3 95 f 5 (9.5 f 0.7) x l@ 
6’Ni 103i2 98 f 2 99 f 2 93f4 (6.6 f 0.4) x lo) 
SS& 91 f 3 96*4 91 f 3 92 f 3 (5.8 f 0.3) x lo3 
%o 98 f 3 97 f 3 96&5 91*4 (5.0 f 0.3) x 103 

*Mean f standard deviation of 3-5 determinations; ionic strength of artificial sea-water = 0.96M. 
tQkulated for V, / V, = 500. 



termined at phase ratios of 100, 250 and 500, with 
V, = 1.0 ml. In all cases, the extraction efficiencies 
are greater than 90% and are, in fact, essentially 
quantitative for phase ratios of 100 and 250. 

The en~chment or p~n~ntration factor, F, in 
solvent extraction has been defined3 as 

F = (%E)V,,/lOO I’, 

When the extraction is essentially quantitative, F k: 
V,/V,. In Table 2, the lowest extraction efficiency 
(91%) represents a 4SS-fold enrichment for the ex- 
traction into toluene. GFAAS meas~ement of an 
aliquot of the organic phase (e.g., 20 ~1) is readily 
accomplished, if desired, although even with back- 
ground correction, direct measurement of the laden 
organic phase may present a problem. A practical 
consideration that may limit use of the higher range 
of p~on~n~ation factors reported in this work is 
the consumption of large volumes of water samples, 
particularly if the organic phase is directly analysed. 

Therefore, to deal with these problems and simplify 
the final matrix for GFAAS measurement, a pro- 
cedure for back-extraction into an acidic aqueous 
phase was developed. Back~x~action of 4.0 ml of the 
5.0-ml organic phase with 2.Oml of 16% v/v nitric 
acid afforded an additional enrichment factor of 2 as 
well as quantitative recovery of all the radiotracers 
with the exception of @Co (Table 3). The incomplete 
stripping of cobalt after extraction of Co(I1) with 
7-(1-ethenyl-3,3,S,S-tetramethyfhexyl)-8-quinolinol 
has also been reported’6~2s.26 and has been ascribed to 
rapid oxidation of Co(II) at the phase interface, 
resulting in the formation of the stable and non-labile 
Co(III)-chelate. 25,26 The Cu(I1) complex of NL is also 
very stable (as evidenced by its quantitative extrac- 
tion into toluene at pH 1, Fig. 1) and is not quan- 
titatively decomposed and stripped by the more dilute 
acids listed in Table 3. Pb(II), determined by AAS, 
was found to be quantitatively stripped by 16% v/v 
nitric acid. 

The benefits of incorporating a back-extraction 
step in the overall preconcentration procedure out- 
we&h the ~conve~en~ of the additional manipu- 
lation and the small attendant risk of contamination4 
First, an additional two-fold enrichment is obtained, 
permitting high overall preconcentration factors 
to be attained with relatively small sample volumes 

Table 3. Back-extraction of radiotracers into various aque- 
ous acids* 

% stripped 

Radiotracer 6% HCl 10% HNO, 16% HNO, 

‘lsCd 86&3 93 f 2 96i3 
Yu 23f2 37*4 99*4 
‘6MIl 79*3 99i3 99*2 
@Ni 88f2 98*2 97 f 3 
“Zn 84*2 93*3 100*2 
@CO 2.1 * 0.5 2.3 f 0.4 4.8 f 0.6 

*Mean f standard deviation of 3-5 determinations; 
V,/V, = 2. 

(e.g., 95 ml), thus conserving the supply of sample. 
Secondly, the aqueous matrix thus obtained is easily 
matched, which is one of the requisite conditions for 
use of calibration with standard solutions in place of 
the more tedious and ample-consuming method of 
standard additions.’ 

The high values of % E obtained even at V, / V, = 
SO0 are quite extraordinary (Table 2). Brooks et ~1.~ 
have illustrated graphically the relationship between 
%E and V,/V, for various values of DC, the distri- 
bution ratio of the extracted chelate species. For 
example, to achieve 90% E at Vaq / V, = 500, DC must 
be 4.5 x lo’, an unusually high value. In Table 2, the 
calculated values for DC range from 1.62 x lo4 for the 
extraction of Cd(I1) to 5.0 x lo3 for Co(II), at 
V,/V, = 500. It can be assumed that the extraction 
of bivalent metal-ions (M) by HL can be described by 
the fundam~tal equation 

where /I2 is the stability constant of ML,, 
K& and K,, are the distribution constants of 
the chelate and reagent respectively, and K, is 

the dissociation constant of HL.t7*28 Bag and 
Freiser” have used this equation to characterize 
the extraction of Cu(I1) into chloroform with 
7-(1-ethenyl-3,3,S,S-tetramethylhexyl)-8-quinolinol, 
and estimated a value of 109.’ for the chelate distribu- 
tion constant, KML2. This is in fair agreement with the 
value of 10”” which they calculated on the basis of 
the linear free energy correlation proposed by Hansch 
and Leo.29 In view of the structural similarity of HL 
to the ethenyl derivative, it is reasonable to expect 
similarly high values of KML2 for the HL chelates and, 
therefore, enhanced DC values. High KwLz and DC 
values are to be expected from the fact that HL and 
its ethenyl derivative are highly lipophilic and so it is 
likely that their metal chelates are also. 

Recovery of radiotracer spikes from natural water 
samples 

Data for the recovery of radiotracer spikes from 
natural waters are provided in Table 4. With the 
exception of @‘Co, for which the recovery is nearly 
90%, the data show that the spikes are quantitatively 
recovered. In general, in dealing with spiked natural 
water samples, it is difficult to state with certainty 
that the spikes have calibrate with the analyte 
metal-ions in the sample. In the present work, the 
samples had been passed through 0.45-pm filters to 
remove particulate matter, but colloidal species may 
still have been present, with which the spikes would 
have to equilibrate, even at the storage pH of 1.6. 
With regard to organic complexes, however, previous 
work’ has shown that at pH l-2, organic complexes 
such as humates are dissociated. Thus, as the spikes 
are added before the pH is raised to 9.3, it is 
reasonable to assume that the spikes and the analytes 
behave in exactly the same way towards organic 
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Table 4. Extraction of radiotracers from natural waters at 
pH 9.3 with 0.25M HL in toluene’ 

% Extraction 

Sandy Cove coastal Lake Ontario 
Radiotracer sea-water freshwater 

“‘Cd 98 f 1 965 1 
wcu 99i3 98&2 
s6Mn 100*2 98 f 3 
6’Ni 9854 96 f 3 
6sZn 100+1 98k6 
To 94*5 88k2 

*Mean f standard deviation of 3-S determinations; 
v,/v, = 19. 

complexing components in the matrix. If so, then the 
data in Table 4 suggest that HL is an effective 
extractant for metal-ions in free and variously bound 
forms in both se-a-water and freshwaters. 

Application to analysis of sea-water (CASS-I) by 

GFAAS 

The optimized extraction and stripping procedure 
was applied to the determination of five trace metals 
in the sea-water reference material, CASS-1, by 
GFAAS and calibration with matrix-matched stan- 
dard metal-ion solutions, on the assumption that the 
recovery of the analytes is quantitative. The results 
for the determination of total (soluble) metal in 
CASS-1 are given in Table 5. 

In general, the experimental data are in reason- 
able agreement with the reference values within the 
limits of experimental error. Cobalt and zinc were 
excluded from the group of metals determined by 
GFAAS, cobalt because it could not be quantitatively 
stripped from the organic phase, and zinc because of 
atmospheric contamination which resulted in irre- 
producible analytical blank values for this element. 
Considering the low concentrations dealt with, the 
results are certainly satisfactory and suggest that the 
extraction efficiencies of HL for metal-ions in natu- 
ral sea-water are very similar to those obtained for 
artificial sea-water spiked with radiotracers. 

Finally, impregnation of macroporous resins such 
as XAD4 and XAD-7 with HL for column precon- 
centration of trace metals could provide an alter- 
native to solvent extraction. Indeed, Isshiki et al.” 

Table 5. GFAAS analysis of CASS-1 sea-water 

Concentration, ng/mI 

Reference 
Element This work* valuest 

Cd 0.024 f 0.009 0.026 f 0.005 
Pb 0.31 f 0.07 0.251 f 0.027 
Mn 2.7 + 0.7 2.27 f 0.17 
Ni 0.35 f 0.04 0.290 f 0.031 
cu 0.36 f 0.06 0.291 f 0.027 

*Mean f standard deviation of 3 determinations. 
tMean of results obtained by several analytical pro- 

cedures, f 95% confidence level. 

described such a method based on the ethenyl deriv- 
ative of HL immobilized on XAD4. The procedure 
involved loading ‘the column with the metal-ions, 
stripping them, evaporation of the effluent, and min- 
eralization of the organic residue before GFAAS 
analysis. It offers no advantages in time or simplicity 
over the solvent extraction procedure outlined in 
this work and, furthermore, is complicated by the 
fact that resins such as XAD-4 and XAD-7 have low 
but significant cation-exchange capacity due to the 
presence of impurity sites.L,W 

CONCLUSIONS 

Purified Kelex 100 is a useful group extractant for 
Cd, Co, Cu, Mn, Ni, Pb, and Zn from natural waters, 
and large preconcentration factors are possible. All 
these metal-ions except cobalt can be quantitatively 
back-extracted into aqueous acid and readily deter- 
mined by GFAAS, with use of easily matrix-matched 
calibration standards; high atmospheric background 
levels of Zn may preclude its determination, however. 
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Summary--Conventional reversed-phase HPLC conditions have been optimized for resolution of a 
mixture containing prostaglandins PGE,, PGE,, PGF,, and PGFh. Electroactive derivative-forming 
reagents, such as p-nitrobenzyloxyamine, 2-bromo-2’-nitroacetophenone, and 2,4-dinitrophenylhydrazine 
have been evaluated for use as precolumn reagents for forming prostaglandin derivatives. The results 
indicate that detection limits of 120 pg are achievable with amperometric detection. The utility of the 
procedures developed is illustrated by the detection of prostaglandins in human urine and plasma. 

Prostaglandins are derivatives of arachidonic acid. 
They function as “local hormones”, allowing com- 
munication between cells by modifying the plasma 
membrane responses.’ Prostaglandins are found in 
almost all mammalian cells and tissues and are 
among the most potent physiologically active sub- 
stances known,* The determination of prostaglandins 
in different biological matrices has been the subject of 
intense research in both the medical and pharma- 
ceutical fields3” A number of analytical methods, 
such as bioassay,g7 radioi~~oa~ay (RIA),a-‘O 
and gas chromatography-mass spectrometry 
(GC-MS),‘1-‘3 have been successfully used for the 
determination of prostaglandins. High-performance 
liquid chromatographic (HPLC) methods using 
ultraviolet absorption and fluorescence detection 
for prostaglandin derivatives have been rep~rted.‘~~~ 
The HPLC methods utilizing ultraviolet detection 
were found to be relatively insensitive, whereas 
fluorescence detection yielded excellent sensitivity 
for endogenous prostaglandins in biological 
materials.‘~” 

The sensitivity and selectivity of the electro- 
chemical detector for detection of electroactive 
analytes in complex matrices is well documented.‘&20 
The present study is an evaluation of the use of 
nitroaromatic compounds for the derivatization of 
prostaglandins. Various papers have described the 
use of nitroaromatics in precolumn derivatization 
methods.2’-z4 In addition, the use of ~troaromatics as 
derivative-forming reagents for electrochemical de- 
tection has been extensively discussed by Jacobszs 
We have applied this technique to the detection of 
prostaglandins in biological matrices, and have 

evaluated the use of nitroaromatic derivatization 
reagents such as 2-bromo-2’-nitroacetophenone 
(NPA), 2,4-dinitrophenylhydraxine (DNPH), and 
~-nitro~~loxya~ne hydrochloride (PNBA) for 
el~tr~he~~l detection of pros~glandins in bio- 
logical matrices. 

EXPERIMENTAL 

Apparatus 
The high-~rfo~n~ liquid chromatograph used was - _ 

fitted with a model M6000 dual-piston pump (Waters 
Assoc., Milford, MA.) and a model 70-10 in&ion valve 
equipped with a 50-bl injection loop (Rheodyne Inc., 
Berkeley, CA). Equipment used for detection included a 
model SlOOA amperometric/coulometric controller with an 
amperometric glassy-carbon electrode wall-jet cell (ESA, 
Inc. Bedford, MA), and a model 440 fixed wavelength 
ultraviolet detector (Waters Assoc., Milford, MA). A main- 
frame integrator system was used to integrate the output 
of the ESA amperometric controller and the model 440 
detector simultaneously. Modifications of the chro- 
matography system described by Jacobs25 were used 
to ensure the removal of oxygen from the system. This 
included the use of helium to deaerate the mobile phase 
thoroughly, and the use of stainless-steel tubing throughout 
the entire system to prevent oxygen from re-entering by 
diffusion through tubing walls. 

Reagents 
Prostaglandins PGE,, FGE,, PGF,, and FGF, were 

purchased from Sigma (St. Louis, MO). p-Nitrobenzyl- 
oxyamine hydrochloride and pyridine (R&s Chemical, 
Morton Grove, IL), 2-brom~~-nitroa~toph~one, N,N- 
di-i~propylethylamine, sodium acetate, cyclopentanone, 
hexanoic acid, cyclopentano1, N-methyl-N-nitroso-p- 
toluenesulphonamide and trichloroacetic acid (Aldrich. 
Milwaukee, WI), and dry 2,4_dinitrophenylhydrazine; 
(Eastman, Rochester, NY), were used as received. Other 
chemicals used were the best grade commercially available. 
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Fig. 1. Structures of prostaglandins and derivatixation reagents. 

Procedures 
Derivatization. 2-Bromo-2’-nitroacetophenone (NPA) 

prostaglandin esters were prepared by the method of 
Zoutendam et aLz for derivatization with the similar 
reagent 2-bromo-4’-mtroacetophenone. The oximes formed 
by p-nitrobenxyloxyamine hydrochloride (PNBA) with 
prostaglandins and the internal standard (cyclopentanone) 
was made according to Fitzpatrick et aL2’ Before hydrazone 
formation with 2,4_dinitrophenylhydraxine (DNPH) the 
carboxyl group of the prostaglandins was esterified. 
Prostaglandin methyl esters were made by reaction with 
excess of ethereal diaxomethane solution for 5 min. The 
surplus reagent was evaporated under a stream of nitrogen, 
and the prostaglandin methyl esters were then converted 
into the hydrazones according to Treiber and 0ertel.2s 

Extraction. Prostaglandins were extracted from human 
plasma by a mod&&on of the method of Krakauer and 
Williamson.29 A sample of 0.5 ml of nlasma and internal 
standard (hexanoic acid or prostaglandin Br) was mixed 
with 0.5 ml of O.lM dipotassium hydrogen phosphate and 
loaded onto a Waters C-18 Sep-Pak cartridge. Two ml of 
dimineralixed water were passed through the column and 
discarded. The prostaglandins and internal standard were 
then eluted from the cartridge with 1.0 ml of acetonitrile. 
Prostaglandins were extracted from human urine by a 

modification of the method of Yamada et al.” Human urine 
was collected during the morning (7-10 a.m.) from normal 
adult human volunteers, and immediately stored in dry-ice 
until analysis. Prior to analysis, the urine sample was 
warmed to room temperature. A lO-ml volume of sample 
was placed in a ZS-ml sample tube and the internal standard 
was added. The pH of the solution was adjusted to 4 with 
formic acid, and the mixture was extracted with 5 ml of ethyl 
acetate. The extract was applied to a 500-mg silica 
solid phase extraction column (J.T. Baker Chemical Co., 
Phillipsburg, NJ). The prostaglandins and internal standard 
were eluted with 3 ml of ethyl acetate, and the eluate was 
evaporated to dryness under a stream of nitrogen at room 
temperature. 

RESULTS AND DISCUSSION 

Characterization of prostaglandin derivatives 

Prostaglandin structures are shown in Fig. 1. Pros- 
taglandin carboxyl’4*30 and carbony1’737 functional 
groups have been derivatized prior to HPLC analysis. 
The derivative-forming reagents used in the present 
study are also shown in Fig. 1. Nitroaromatic deriva- 
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tives of prostaglandins, made with these reagents, 
were first investigated for applicability in electro- 
chemical detection. Hydrodynamic voltamperograms 
for derivatives of DNPH and NPA are shown in 
Fig. 2. The plots indicate that potentials more 
negative than - 0.90 V would be suitable. 

Prostaglandin concentrations found in biological 
samples have been reported to vary widely.9~‘7~3’~32 A 
study of the electrochemical detector response over 
the concentration range typically found in urine 
(2-20 pmole/ml) was implemented. The amount of 
derivatized prostaglandin, made by the procedures 
described, was varied. Calibration data and detection 

G ae- limits for these derivatives are listed in Table 1. The 
regression data were found to be relatively invariant 

2 0.6 - for the derivatives of the different prostaglandins 
with a given reagent. The detection limits with PNBA 

0.4 - were 4-5 times those with NPA. The difference was 
due to impurities from the reaction mixture that 

0.2 - interfere with the amperometric detector. Pyridine 
is eluted slowly from the analytical column and 

1 1 1 1 1 I 
0.6 0.7 0.6 0.9 1.0 produces a signal at the amperometric detector. 

Negative applied potential (VI 
In general, the detection limits achieved were 
comparable to those obtained with other HPLC 

Fig. 2. Hydrodynamic voltamperograms of (A) DNPH and derivatization methods.14*15J7 
(B) NPA derivatives: (m) PG$, (0) PGE,, (0) hexanoic 

acid. 

Table 1. Regression analysis* and detection limits? for derivatized prosta- 
glandins 

Derivative reagent: NPA 
Range injected 20-200 pmole 

PGF, 

Corrln. coeff. 0.996 
Slope 0.008 
Intercept 0.08 
Detection limit, 
pmole 0.40 
Pg 140 

Derivative reagent: PNBA 
Range injected 20-200 pmole 

PGE, 

Corrln. coeff. 0.991 
Slope 0.011 
Intercept - 0.02 
Detection limit, 
pmole 2.60 
Pg 960 

Deriva rive reagent : DNPH 
Range injected 10-240 pmole 

POE, 

Corrln. coeff. 0.995 
Slope 0.004 
Intercept -0.01 
Detection limit 
pmole 0.31 

P(=,, WE2 PGEl 
0.970 0.994 0.999 
0.003 0.005 0.005 
0.03 0.03 0.01 

1.10 0.60 0.70 
390 220 260 

PGE, 

0.991 
0.009 

- 0.01 

3.00 
1110 

Pg 120 

*y = ax + b, where x = prostaglandin injected @mole) and y = peak height 
ratio. 

tcalculated as amount equivalent to twice the standard deviation of the blank 
signal. 
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Fig. 3. Chromatogram of DNPH derivatives of pros- 
taglandins extracted from spiked plasma sample. Chro- 
matographic conditions: column, Supelcosil LC-8-DB, 
I5 cm x 4.6 mm; mobile phase, acetonitrile/50mM sodium 
acetate, pH 4 (65/35); flow, 1 ml/min; detection, - 0.90 V. 

Application of derivatization procedures to urine and 
plasma 

Extraction procedures were evaluated for removal 
of biological interferences and recovery of pros- 
taglandins before derivatization. Recovery of 3 pg 
of prostaglandin PGE, from 1 ml of human plasma 
was found to be 90-93%, in the described plasma 
extraction and DNPH derivatization procedures. A 
chromatogram of the prostaglandins extracted from 
plasma is shown in Fig. 3. 

Human urine contains measurable amounts of 
prostaglandins which could interfere with the evalu- 
ation of the extraction procedure. Therefore a IO-fold 
dilution of urine with HPLC-grade water was used as 
the matrix for evaluation. Samples of this diluted 
urine were doped by addition of all four types of 
prostaglandins (2 nmole/ml). A chromatogram of the 

Table 2. Endogenous levels of prostaglandins (pmole/mf) 
in urine: comparison of determination by PNBA deri- 
vatixation and internal standard and standard-addition 
determinations for prostaglandins derivatixed with 
NPA (means f standard deviation of 3 determinations; 

ND = none detected) 

PGF, WF,, WE, PGE, 

Subject 1 
Internal standard method 

3.5 f 0.9 
Standard-addition method 

2.7 f 0.9 
PNBA method 

Subject 2 
Internal standard method 

3.6 f 0.4 
Standard-addition method 

5.2 f 0.9 

NDb 3.6 kO.8 ND 

ND 2.3 kOo.6 ND 
3.9 f 0.9 

0.7 +0.2 2.3 f 0.2 ND 

1.5kO.7 l.SiO.4 ND 
PNBA method 

*PNBA method not suitable. 

2.2kO.4 ND 

0.0005 
absorbance 

5 10 15 20 25 

Minutes 

Fig. 4. Chromatogram of NPA derivatives of prostaglandins 
extracted from spiked urine sample. Chromatographic 
conditions: column, Supelcosil LC-8-DB, 15 cm x 4.6 mm; 
mobile phase, acetonitrile/5OmM sodium acetate, pH 6 
(SO/SO); flow, 1 ml/min. (A) HPLC-EC; detection, 

- 0.90 V. (B) HPLC-UV; detection, 254 nm. 

extracted prostaglandins derivatized with NPA is 
shown in Fig. 4, for both amperometric and ultra- 
violet detection. Lack of specificity precluded the 
use of DNPH for determination of urinary pros- 
taglandins. Recoveries of the prostaglandins were 
variable, ranging from 60 to 84%. The differences in 
the recoveries may be due to differences in polarity. 
The PGF prostaglandin series is more polar than 
the PGE series and is not extracted with the same 
efficiency. The recoveries obtained are comparable to 
those reported previously.32~“~35 

Endogenous urinary prostaglandins 

Urine samples from two subjects were collected, 
extracted and derivatized with NPA and PNBA to 
compare the results achieved with these two reagents. 
The extracted urinary prostaglandins were quantified 
by an internal standard method with height-ratio 
measurements. In addition, because of the degree 
of variability of prostaglandin recovery with this 
method, samples derivatized with NPA were also 
quantified by a standard-addition method. For 
the standard-addition experiments, another set of 
urine samples was prepared as before, except that 
50 pmoles of each prostaglandin were added to an 
aliquot of extract. Table 2 lists the endogenous levels 
of prostaglandins found in the urine samples by both 
methods. The levels obtained by the two methods of 
quantification were similar. The endogenous levels 
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Fig. 5. Chromatograms of urinary prostaglandins deri- 
vatized with PNBA. Chromatographic conditions: column, 
Supelcosil LC-8-DB, 15 cm x 4.6 mm; mobile phase, 
~o~~le/~~ sodium acetate, pH 6 (50~~); flow, 
1 ml/mm. (A) Extracted and derivatized human urine 
sample. (B) Prostaglandins E, and E, with internal standard 

(I.S.) cyclopentanone. 

found for pros~glandin PGE, and PGE, in these 
samples by derivatization with PNBA are also shown 
in Table 2. The levels of prostaglandins PGE, and 
PGE, found by both derivative procedures were in 
close agreement. Chromatograms of the urinary 
prostaglandin PNBA derivatives are shown in Fig. 5. 

This work indicates that precolumn derivatization 
with electroactive reagents is a viable approach for 
trace prostaglandin dete~ination. The use of 
different derivatizing reagents allows for choice of the 
electroactive moiety to be introduced and can be used 
to differentiate the classes of prostaglandins by their 
functional groups. The techniques have been shown 
to be sufficiently sensitive to detect endogenous levels 
of urinary prostaglandins. 
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Summary-The use of an internal reference compound in non-aqueous acid-base titrations as a relatively 
simple, reliable and accurate means of obtaining information on the acidity spectrum of natural organic 
acids is reported. Acid-base titrations in dimethylformamide, DMF, with tetrabutylammonium hydroxide 
as the t&rant and p-hydroxybenxoic acid as an internal reference compound have been performed to 
determine the carboxylic acid and the acidic hydroxyl components of a fulvic acid sample isolated from 
surface water in the Bersbo area, south-east of Sweden. A carboxylic acid capacity of 4.78 It: 0.05 meq/g 
and an acidic hydroxyl group capacity of 1.35 f 0.03 meq/g were found for the aquatic fulvic acid. 

In studies with humic substances, the only fact of 
consensus is the heterogeneity of the substances. 
Gamble’ tackled the problem by introducing an 
equilibrium function which was a weighted average, 
and Perdue and co-workers2,3 considered humic ma- 
terials as a continuum of acids with overlapping 
dissociation constants. The review by Flaig et aL4 
shows that from as few as one to as many as four 
types of acid can exist in humic substances. Paxeus’ 
described the acidic properties of eight aquatic humic 
substances and one soil fulvic acid, in the pH range 
2.4-10.0, by using a six-group model, and Ephraim et 
aL6 used a four-group model to describe the acidic 
behaviour of an Armadale soil fulvic acid. 

Acid-base titrations in non-aqueous medium have 
been employed by earlier workers’ in an attempt to 
distinguish between different acid groups in humic 
substances, but such attempts yielded negative re- 
sults. In their titrations of humic and fulvic acid 
preparations from the A,, and Bh horizons of a 
Spodosol with sodium aminoethoxide, in pyridine, 
dimethylformamide and ethylenediamine as media, 
Wright and Schnitzer7 observed a single inflection 
corresponding to the total -COOH and phenolic 
-OH content of their sample. 

Recently,* non-aqueous titrations in dimethyl- 
formamide and dimethylsulphoxide have been em- 
ployed in an attempt to gain insight into the acidic 
spectrum of a fulvic acid sample. The use of potas- 
sium hydroxide as a titrant is reported to be promis- 
ing, despite the formation of a slight precipitate in 
DMF. 

Over the past few years,“’ internal reference 
compounds have been employed in non-aqueous 
titrations with promising results. Non-aqueous 
titrations with internal reference compounds were 
first performed by Nakajima and Tanobe.9 They 
added benzoic acid and phenol to bitumen to resolve 

the inflections and to group the acids into weak and 
very weak categories. Yonebayashi and Hattori” 
used non-aqueous titrations with benzoic acid 
and phenol as internal standards to determine acidic 
functions in humic acid samples. Pobiner” has 
similarly employed internal reference standards in 
non-aqueous titrations to quantify two different 
acidic functions in lignin samples. 

This communication is intended to support the 
case for the use of internal reference compounds in 
non-aqueous titrations when information on the 
acidic spectrum of natural organic acids is being 
sought. Use of p-hydroxybenzoic acid as an internal 
reference compound in non-aqueous titrations of 
monomeric acids and of fulvic acid samples is 
reported. 

EXPERIMENTAL 

Reagents 

Bersbo fulvic acid, BFA, was extracted from Bersbo river 
near Linkoping, Sweden by a combination of the methods 
of Thurman and Malcolm,‘* and Paxeuss A detailed 
description of the method is given elsewhere.i3 Tetrabutyl- 
ammonium hydroxide, tetraethylammonium chloride, 
2-propanol, p-hydroxybenxoic acid, benzoic acid, and 
N,N-dimethylformamide were obtained from Kebo Labora- 
tories AB and used without further purification. 

Apparatus 

A Radiometer pHM84 research pH-meter and ABU 80 
autoburette were employed in conjunction with a Radi- 
ometer G204OC glass electrode and K401 calomel electrode 
which had been modified by replacing the internal reference 
solution of saturated potassium chloride with l.OM tetra- 
ethylammonium chloride, to eliminate diffusion of potas- 
sium ions into the solution. When not in use., the modified 
calomel electrode was stored in 1 .OM tetraethylammonium 
chloride, and the glass electrode in 0. 10M hydrochloric acid. 

Procedure 

Approximately 0.05M tetrabutylammonium hydroxide, 
TBAH, was prepared in 2-propanol under a blanket of 
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Fig. 1. (A) Non-aqueous titrations of salicylic acid in the presence and absence of pHBA: l 31.7 mg 
of salicylic acid; 0 54.7 mg of salicylic acid + 18 mg of pHBA. (B) Non-aqueous titrations of phthalic 
acid in the presence and absence of pHBA: x 66.8 mg of phthalic acid; 0 54.7 mg of phthalic acid 
+ 18 mg of pHBA. (C) Non-aqueous titrations of anthranilic acid in the presence and absence of 

pHBA: x 67.5 mg of anthranilic acid; 0 48.6 mg of anthranilic acid + 18 mg ofpHBA. (D) Non-aqueous 
titrations of citric acid in the presence and absence of pHBA: 0 121.2 mg of citric acid; l 69.5 mg of 

citric acid + 18 mg of pHBA. 

nitrogen and stored in the refrigerator when not in use. The 
TBAH solution was standardized against benzoic acid 
dissolved in N,N-dimethylfonnamide, DMF. The standard 
solution of TBAH was then used to obtain a calibration 
(standardization) curve for p-hydroxybenzoic acid, pHBA. 
The already titrated pHBA solution in DMF was then 
added quantitatively to an aliquot of the fulvic acid solution 
and the mixture was titrated with the standard TBAH 
solution. 

For the mixture of fulvic acid and pHBA, the titrant 
volumes corresponding to the two inflection points permit- 
ted computation of the separate contributions of the two 
major acid components in the fulvic acid.” Similar experi- 
mental runs were performed with monomeric acids (sali- 
cylic, phthalic, citric and anthranilic) instead of fulvic acid. 

Potentiometric measurements were made with the same 
precautions as for measurements in aqueous media.” 

RESULTS AND DISCUSSION 

The capability of the non-aqueous technique to 

determine quantitatively acidic functions with 
different dissociation constants was investigated by 
using monomeric acids, e.g., salicylic, phthalic, an- 
thranilic and citric. These monomeric acids, with pK, 
values ranging from 2.10 to 13.34, were believed to 
resemble the acidic functions present in the fulvic acid 
molecule. The non-aqueous titration curves for the 
monomeric acids are shown in Fig. 1. 

For the salicylic acid system, Fig. lA, only the 
carboxylic acid group @K, = 2.99) was observable in 
the potentiometric titration of the acid alone. The 
phenolic group @K, = 13.4) was not observed. When 
pHBA was added to the system, three inflection 
points were observed. The first corresponded stoi- 
chiometrically to the carboxylic group of the salicylic 
acid while the second corresponded to the carboxylic 
acid of the pHBA (PK. = 4.57). The third inflection 
point corresponded to the phenolic OH of thepHBA. 
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Fig. 2. Non-aqueous titrations ofpHBA in the presence and 
absence of Bersbo fulvic acid l 38.53 mg of pHBA; 0 

38.53 mg of pHBA + 13.3 mg of Bersbo FA. 

For the phthalic acid system, Fig. lB, two 
inflection points were observed in the titration curve 
when no pHBA was present. The first corresponded 
to the carboxylic acid group with pK,, 2.95 while the 
second, not easily discernible, corresponded to the 
carboxylic acid group with pK, 5.41. In the presence 
of pHBA, three inflection points were obtained. The 
first corresponded to the first carboxylic acid group 
of the phthalic acid, the second was due to the 
carboxylic acid group of the pHBA (plu, = 4.57) 
while the third inflection represented the combination 
of the second carboxylic acid group @K, = 5.41) of 
the phthahc acid and the phenolic OH group 
(PK, = 9.46) of the pHBA. 

Figure 1C shows the non-aqueous titration curves 
of anthranilic acid in the absence and presence of 
pHBA. In the case of anthranilic acid alone, only one 
inflection point was detected, while for the mixture of 
anthranilic acid and pHBA, two inflection points 
were observed. The first inflection point corre- 

sponded to the combined acid capacity contributed 
by the carboxylic acid groups of anthranilic acid and 
pHBA, while the second inflection point corre- 
sponded to the phenolic OH group of the pHBA. 

Non-aqueous titration of citric acid alone, Fig. lD, 
yielded three inflection points corresponding to the 
three acid groups present in citric acid (PK 3.13,4.76 
and 6.39). In the presence of ,pHBA, three inflection 
points were again observed, at the same potential 
values as before. The i&&ion characteristics of the 
pHBA had completely merged with those of the citric 
acid molecule. This observation is believed to be a 
consequence of intermolecular hydrogen bonding 
between citric acid and pHBA. 

The analytical recovery of the monomeric acids in 
the non-aqueous titrations of 30-120 mg of the acid 
plus 18 mg of p-hydroxybenxoic acid, ranged from 
99.3 to 100.4%. 

Figure 2 shows typical titration curves for pHBA 
alone and pHBA with FA present. The inflection 
points of the two systems @HBA with and without 
FA) lie within the same mV range, thus corroborating 
the assertion” that no molecular interaction takes 
place between the two molecular species and that 
the acidic functions present in both molecules have 
similar characteristics. 

In Table 1, the results of functional group analysis 
of Bersbo FA with pHBA as internal reference 
compound are presented. These results show a car- 
boxylic acid capacity of 4.78 + 0.05 meq/g and an 
-OH capacity of 1.35 + 0.07 meq/g of FA. The acid 
capacity of Bersbo FA determined in aqueous me- 
dium is 4.65 f 0.15 meq/g. This makes the total 
non-aqueous acid capacity of 6.13 meq/g greater than 
the total detectable aqueous acid capacity by 1.48 
meq/g. This difference may be explained by the 
probable existence in Bersbo FA of hydroxyl or very 
weak carboxylic acid/phenolic groups with pK, val- 
ues greater than 6.0 but lower than 10.0. This p& 
distribution explains why such acidic functions would 
be detectable by titration in non-aqueous medium but 
not in aqueous medium. Results obtained with Arma- 
dale FA6 show that the total acidity detectable in 
aqueous medium is only 7% less than the total acidity 

Table 1. Functional group analysis of Bersbo FA with p- 
hvdroxvbenzoic acid as internal reference 

Equivalence 
Taken, mg points, ml Capacity, meqlg 

pHBA FA 1st 2nd COOH OH Total 

38.53 0 5.43 10.86 7.24 
38.53 0 5.43 10.86 1.24 
38.53 0 5.43 10.86 1.24 
38.53 3.32 5.73 11.25 4.8Ot 
38.53 6.64 6.03 11.63 4.727 
38.53 13.3 6.68 12.45 4.84t 

Average 4.78 

*Volume of 0.05136M TBAH. 
tAfter subtraction of pHBA contribution. 

7.24 
7.24 
1.24 
1.39t 6.19 
1.31t 6.03 
1.347 6.18 
1.35 6.13 



382 JAMES H. EPHRAIM 

detected in non-aqueous medium. It may therefore be 
inferred that the Bersbo FA has a larger hydroxyl 
group component than Armadale FA has. The total 
acidities observed in non-aqueous medium for both 
FA samples are close to each other, differing by only 
2%. 

The resolution of -COOH and -OH functions by 
the use of an internal reference compound in non- 
aqueous titrations offers the capability of gaining 
insight into the heterogeneity of humic substances. 
This experimental technique also offers a simple 
means of comparing humic substances from different 
sources. 
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ETUDE DU POWOIR OXYDANT DU PE~OXYDE DE 
VANADIUM EN MILIEU NON AQUEUX 

APPLICATION A L’OXYDATION DE MOLECULES ORGANIQUES 
OXYGENEES MONOFONCTIONELLES 

D. PRADEAU* et M. HAMON 

Laboratoire de Cbimie Analytique, Facult4 des Sciences Pbarmaceutiques et Biologiques, 
Rue Jean-Baptiste Clement, 92290 Chatenay Malabry, France 

(Regu le 5 mai 1988. R&s& k 19 septembre 1988. Accept4 k 7 octobre 1988) 

R~~oxy~tion par le pentoxyde de v~adiu~ en milieu sulfurique aqueux prksente certsines 
limites, prin@alement en raison de I’instabihte des complexes sulfovanadiques dans l’eau. C’est la raison 
pour laquelie les auteurs ont Btudie la possibiht6 de preparer des solutions dam des solvants moins 
dissociants que l’eau, susceptiblea de favor&r la stabilite des complexes s~fov~a~qu~ et done de 
renforcer le pouvoir oxydant. L’etude porte sur des moEcuRs oxygWes simples dont certaines ont fait 
l’objet de travaux en milieu aqueux sulfurique en particulier les alcools, aldehydes, c&ones et acides. 
Certaines autres molecules (ac&als ou esters), qui Ctaient diiliciles a ttudier en milieu aqueux en raison 
de leur nature bydrophobe, ont elles aussi et6 soumises r+ l’oxydation. Les r&ultats montmnt que les alcools 
sent plus r&&ants en milieu anhydre qu’en milieu aqueux. Cependant, violent de la chabte facihte 
l’oxydation. En ce qui conceme les derives carbonyIi?s, comme err milieu aqueux, les aldehydes r&issent 
plus dif&ilement que les c&ones. Cependant, ils s’oxydent plus intensement que les akools correspond- 
ants. Par aiheurs, l’etude a permis d’etendre le domaine de ~oxy~tion vanadique ir des substances 
insoiubles dans I’eau, comme les etheroxydes (oxyde d’bthyle) dont la r4activid n’est pas n&iigeable. Les 
acides, quant a eux, ne magissent que tr6s faiblement. 

mxidation with vanadium pentoxide in aqueous sulpburic acid has certain limitations, mainly 
because of the instability of vanadosulphate complexes in aqueous media. Hence the possibility of use 
of less strongly dissociative solvents than water has been examined with a view to e&au&g the stability 
and oxidixing power of these complexes. Some simple organic oxygen compounds (alcohols, aidehydes, 
ketones and acids) have been examined as mductants, together with some others (acetals and esters) which 
are difficult to study in aqueous media because of the hydrophobic character. The results show that 
alcohols are more resistant to attack in non-aqueous medium than in water, and that the longer-chain 
alcohols are more easily oxidized. The aldehydes are more dit%cult to oxidixe than ketones, as is also the 
case in water. The acids, also as in water, react only very feebly. The use of non-aqueous media extends 
the range of oxidation with vanadate to some substances insoluble in water (such as epoxides) which 
display suthcient reactivity. 

~oxydation vanadique en milieu sulf~que aqueux 
de molkutles oxygknees a et6 largement &&i&e 
notamment par Nquipe de Guemet et Malangeaul 
pour des acides-alcools, des acides &oniques et 
des sucres, par Dauphin2 dans le cas des poly- 
oxybthyleneglycols et par Hila3 pour des derives du 
chromanne. 

Au tours d’autres travaux Waechter,’ Tsitini,S~6 
Postaire’ et Assam& ont ttendu ces recherches a 
des molkules azotees app~enant H des skies 
intkressantes sur le plan therapeutique telles que les 
quinoleines et isoquinoleines. Cependant, bien qu’en 
milieu sulfurique concentre, il se forme des complexes 
sulfovana~qu~ dont le caractere oxydant est aug- 
ment& par rapport a Eon VO,+ libre, en phase 

*Laboratoire de Controle de Quaiite, Pbarmacie Centrale 
des Hopitaux de Paris, 7 rue du Fer rl Moulin, 75221 
Paris Cedex 05, France 

aqueuse, dans les conditions d’acidite 23 et 51w: et 
jusqu’i 8M, ces complexes ne sont pas stables. Tls 
subissent une hydrolyse quasi totale. Par ailleurs, les 
r6actions sont rarement instantly, mEme en milieu 
tres acide, et il est souvent mkessaire dope/w a 
chaud, soit a la temperature du bain-marie bouillant, 
soit meme, dans le cas des polyoxy~thyl~e~y~ls de 
poids molkulaire &eve, ir la tempkature ~~b~~tion 
du melange. 

c’est pourquoi nous avons &twiie la possibiliti de 
preparer des solutions dans des solvants moms dis- 
sociants que I’eau et qui pourraient favoriser la 
stabilite des complexes sulfovanadiques, et done ren- 
forcer le pouvoir oxydant. Gutre l’~~~o~tion de la 
stabilite de ces demiers, ce caractere peu dissociant 
pour& favor&r la formation de complexes initiaux 
entre la molkule organique et le vanadium, acc&r- 
ant ainsi la reaction d’oxydation. Par ailleurs, main- 
tes mokules oxygknks ne sont pas suffisamment 
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hydrosolubles pour permettre une reaction en phase 
homogene. C’est la raison pour laquelle nous avons 
envisage de realiser l’oxydation de telles molecules 
n’ayant souvent que peu d’affinite pour l’eau, en 
remplacant ce milieu par des solvants plus adequats. 
Notre choix s’est tout d’abord pork sur l’acide 
ackique anhydre. La leg&e oxydabilite de ce solvant 
a chaud nous a conduit a en chercher un autre 
depourvu de tout caracdre reducteur. L’acide phos- 
phorique a 6tC retenu en raison de son aptitude a 
dissoudre de nombreuses molecules organiques peu 
hydrophiles, et de la possibilite de preparer un reactif 
totalement anhydre. 

Malgre les avantages que semblait apporter, 
comme solvant, l’acide phosphorique par rapport 
a l’acide acttique, ces demiers ont CtC Ctudits 
paralltlement. 

Nous avons tout d’abord envisage le com- 
portement de quelques acides cr-carbonyles et 
a-hydroxylCs.9 Les rksultats quelque peu suprenants 
observes avec les acides glycolique et lactique nous 
ont conduit a Ctudier des molecules oxygenees sim- 
ples dont certaines ont fait l’objet de travaux en 
milieu aqueux sulfurique, en particulier des alcools, 
aldbhydes, &ones et acides.‘“” Ce travail a et& 
ensuite Btendu a certaines autres molecules, acktals ou 
esters qui n’avaient pu &tre Ctudites en milieu aqueux 
en raison de leur caractere hydrophobique. 

PARTIR EXPERIMENTALE 

RPactfi 
Solutions sulfovanadiques 0,OSM [en vanadium(V)] dans 

l’acide ackique anhydre-, l’acide phosphorique I 85%, et 
l’acide phosphorique a NO%.” Ces trois solutions sont 
btalonnbs par titrage avec une solution de sulfate de fer(I1) 
et d’ammonium 0.125M (se1 de Mohr).” 

Mode opkratoire 
Lors de la realisation dune cinttique d’oxydation, et afin 

de determiner le nombre de moles de vanadium(V) con- 
somme par mole de produit initial, le pro&de experimental 
suivant est applique. 

Prkparation a’e la solution “blanc” ah rkactif. Dans un 
b&her de 100 ml, introduire 20 ml de la solution vanadique 
acktique ou phosphorique a 85 ou 100%. 

Prkwation de la solution “essai”. La wise d’essai choisie 
doit cbrrespondre a la reduction attendue d’environ 0,02 a 
0,2 mmole de reactif vanadique. Si cette masse est trop faible 
pour obtenir une peske exacte, il est nkcessaire de preparer 
une solution mere. dans l’acide acktique anhydre ou darts 
l’acide phosphorique, a 85 ou a 100% selon les cas. La prise 
d’essai est introduite dans un b&her de 100 ml oti sont 
ensuite ajoutes 20 ml de solution vanadique dans le solvant 
adequat. Lcs recipients qui doivent 6tre portes P l’etuve 
a 100” sont recouverts dun entonnoir pour limiter 
Waporation. 

Les solutions “blanc” des rkactifs et “essai” sont ensuite 
maintenues soit a temperature ambiante, soit I l’etuve 
pendant le temps prescrit. Au bout de ce temps, 50 ml 
environ de la solution aqueuse d’acide sulfurique 5M y sont 
ajoutks pour obtenir une phase suffisamment aqueuse pour 
le titrage. L’excks de vanadium(V) non consomme est dose 
par la solution ferreuse avec indication potentiometrique du 
point d’kquivalance. 

Isolement et dosage de compost% formks au tours de 
l’oxydation. L.es quantites de monoxyde et de dioxyde de 

carbone lib&es au tours de l’oxydation ont et& dCtermin&s 
par chromatographie en phase gazeuse par espace de t&e et 
transformation en m&hane.t6 

L’identification des acides formique, ackique, succinique, 
malgique, et benxoique ainsi que du benxile est r&h&e par 
chromatographie en phase gaxeuse aprks methylation ou 
sylilation et detection par spectromttrie de masse.” 

RFSULTATS ET DISCUSSION 

Des observations realisees en milieu sulfurique 
aqueux sur les composts monofonctionnels, il ressort 
un certain nombre de conclusions. Bien que ces 
derives soient assez difficilement oxydables par le 
vanadium(V) leur oxydation met probablement en 
jeu la formation dun complexe lintaire initial puis un 
mecanisme radicalaire. La reaction debute par la 
formation rapide d’un complexe lineaire avec une 
molecule d’oxydant. Elle se poursuit ensuite en don- 
nant l’acide correspondant, probablement par 
l’intermkdiaire de radicaux libres. 

Molecules hydroxykes et derivds 

Alcools. En milieu aqueux, ils ne s’oxydent qu’a 
chaud sauf le butanol tertiaire. Cependant, ce demier 
se d&hydrate facilement pour donner l’isobudne qui, 
lui, est oxydable. 

Le premier essai d’oxydation sur le methanol et 
l’ethanol, realist en milieu acktique anhydre, nous a 
permis de constater une absence de reactivite de ces 
alcools. En revanche, le comportement de ces der- 
niers vis a vis d’un reactif en milieu phosphorique 
utilise a chaud (lOO”) varie en fonction de la teneur 
en eau. 

Le reactif, prepare en milieu phosphorique a 85%, 
contient, en effet, des concentrations presque equi- 
moleculaires d’eau et d’acide ortho-phosphorique 
(8,3 moles d’eau pour 8,7 moles d’acide). 

L’oxydation des alcools dans ce milieu aboutit a 
une consommation de vanadium(V) (0,25 mole par 
mole) qui n’est pas negligeable. Alors qu’en milieu 
phosphorique a lOO%, done rigoureusement an- 
hydre, aucune oxydation n’est detectable. 

En conclusion, ce travail preparatoire permet 
d’entrevoir que le comportement des alcools est 
different en milieu legerement aqueux et en milieu 
strictement anhydre. Cependant, l’etude a ttC pour- 
suivie en milieu non aqueux pour envisager 
l’influence de la classe de l’alcool ainsi que celle de la 
longueur de la chaine. 

La solution adtique a tte retenu en raison de sa 
plus grande facilitt d’emploi par rapport a la solution 
phosphorique a 100%. 

Dans la figure 1 sont regroupkes les cidtiques 
d’oxydation des differents alcools Ctudies. 

Le fait que les alcools secondaires soient beaucoup 
plus oxydables que leurs isomeres primaires (Fig. l), 
pourrait Btre rapproche du fait observe en milieu 
aqueux de la nette oxydabilite de la proline (acide 
amine cyclique) contrairement I la resistance pra- 
tiquement totale g l’oxydation des acides a amines 
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Fig. 1, CinCtique d’oxydation de quelques alcools. 

aliphatiques. I7 Une hypothese d’explication avait 
alors et6 emise, fond&e sur la plus grande difficultt 
a former des complexes dans ce demier cas. En effet, 
la mobilitk du groupement amine par rapport au 
groupement carboxylique est plus importante dans le 
cas dune amine primaire. 

11 est possible d’envisager, dans le cas des alcools 
primaires, une rotation libre du groupement hy- 
droxyle et des deux atomes d’hydrogkne autour de 
l’axe form6 par le carbone vicinal et celui du group 
ement fonctionnel: 

Cette rotation pourrait entraver la formation dun 
complexe et done la cession dun doublet de l’oxygene 
au vanadium. 

Cependant, il devrait en Btre de m6me en milieu 
aqueux. Or, nous avons montre une leg&e oxy- 
dabilite du methanol et de l’ethanol dans un milieu 
partiellement ou totalement aqueux. Dans ce cas il 
existe, du fait de la faible taille des molecules, de 
multiples liaisons hydrogene entre alcool et eau qui 
conduisent, de ce fait, I un blocage partiel des 
rotations facilitant alors la reaction avec le vanadium. 

L’influence de la longueur de la chaine a Cte 
examinee. Dans le cas des alcools primaires, si le 
propanol risiste, comme le methanol et l’ethanol, a 
toute oxydation, a partir du butanol une oxydation 
non negligeable apparait. La figure 1 montre que 
l’oxydabilite croit avec la longueur de la chaine. Ceci 
conduit a kmettre l’hypothk que l’allongement de la 
chaine permet un don d’electrons plus important. La 
facile complexation des alcools par un chelate du 
vanadium(V) et de l’oxine’* nous parait 6tayer cette 
hypothbse. 

En ce qui conceme les alcools aryl aromatiques, 

l’exemple de l’alcool benzylique montre que 
l’oxydation est nette malgre le caractere attracteur du 
groupement phenyle. Ceci parait confirmer le carac- 
dre donneur d’blectrons du reste benzyle. La reac- 
tion, dans ce cas, conduit a la formation presque 
stoechiometrique d’acide benzo’ique comme le montre 
l’identification et le dosage de cet acide par chro- 
matographie en phase gazeuse apres sylilation et 
detection par spectrometrie de masse. L’acide benzo- 
Ique, en effet, n’est pas oxyde en milieu acktique 
comme nous le verrons lors de l’itude des acides. 

Dans le cas des alcools secondaires aliphatiques, 
l’absence de reactivite du propanol-2 confirme les 
resultats obtenus avec les alcools primaires. La prks- 
ence des seuls groupements methyle en a de l’alcool 
ne pen-net pas l’oxydation. 11 faut que l’une des 
chaines hydrocarbon&es posstde au moins deux at- 
omes de carbone pour voir apparaitre un debut de 
reaction. C’est le cas du butanol-2. Le fait que celui-ci 
subisse une oxydation plus poussee que l’alcool pri- 
maire isomere &aye l’hypothtse faite preckdemment 
sur la rotation libre du groupement hydroxyle. Enfm, 
la nette oxydation de l’octanol-2 par rapport a 
l’octanol-1 nous parait confirmer encore cette hy- 
pothese et conduit comme pour les alcools primaires 
a l’observation que l’allongement de la chaine aug- 
mente la reactivite. 

La reactivite du cyclohexanol se situe entre celle du 
butanol-2 et de l’octanol-2. Elle montre l’intluence 
preponderante de la longueur de la chaine sur 
l’oxydabilite et l’absence d’une tventuelle inter- 
vention de la position du groupement hydroxylt sur 
la chaine.19 

Etheroxyde. La reactivite du vanadium(V) en mi- 
lieu sulfurique aqueux, CtudiQ sur les groupements 
btheroxyde et en particulier sur les methoxyles de 
divers h&rocycles7 ainsi que sur les poly- 
oxytthyleneglycols, n’avait pas pu &re ‘&endue aux 
Ctheroxydes simples pour des raisons de solubilite. En 
revanche, en milieu acktique anhydre, l’oxydation 
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d’un ether de phenol, le dimethoxy-1,2 benzene, a et6 
etudike.” Ainsi, la miscibilid totale de l’acide a& 
tique ou de I’acide phosphorique et de l’oxyde 
d’ethyle a CtC exploitee pour envisager l’oxydation de 
ce demier. 

En milieu acktique, il reste stable, ce qui nous a 
conduit a Ctudier sa reactivite en milieu phos- 
phorique. Dans ce demier milieu, l’etude de la cine- 
tique d’oxydation met en evidence une augmentation 
regulidre de la consommation de vanadium(V) par 
mole jusqu’a 5 hr oi elle se stabilise autour de 1 
mole/mole. Cette reactivite faible mais notable de 
I’oxyde d’bthyle doit itre cornparke a l’absence de 
reaction de l’ethanol. Ceci confirme l’hypothese Bmise 
dans ce demier cas que la complexation etait entravee 
par la libre rotation du groupement hydroxyle autour 
de l’axe forme par les deux carbones. Dans le cas 
de I’oxyde d’ethyle, une telle rotation est g&e 
et l’oxygene se trouve done partiellement stabilise 
et done plus susceptible de ceder son doublet au 
vanadium. 

Mokules ci groupement carbonyles et d&iv& 

Aldtihydes et dprivks. Le formaldehyde &ant un 
produit intermediaire dans de nombreuses reactions 
d’oxydations, il a ete Ctudie en premier. Son 
comportement est compare a celui de l’homologue 
supkrieur aldehyde adtique. 

Par ailleurs, la lipophilie des acktals interdisait, 
jusqu’a maintenant, l’etude de leur comportement vis 
a vis du vanadium(V). Seuls les hemiacetals derives 
des sucres avaient pu &tre itudib. L’oxydation du 
premier de ces composes le methylal (a&al du for- 
maldehyde et du methanol) a done ete envisagee. 

Paralltlement, le trioxymethylene, polymere du 
formaldehyde, a ete Btudie car il presente l’int&t?t 
d’&tre l’un des constituants du melange de polymeres 
classiquement utilids pour gtntrer du formaldehyde 
gazeux. 

11 ne nous a pas paru necessaire, en revanche, 
d’oxyder le benzaldthyde puisque l’alcool benzylique 
subit, comme nous l’avons vu, une oxydation en acide 
benzo’ique qui doit passer par cet intermtdiaire. 

En milieu acktique, l’observation, dans la figure 2, 
dune consommation d’environ 2 moles de vana- 
dium(V) par mole de formaldehyde apres 5 hr de 
reaction, et qui n’tvolue pas ulterieurement, mBme 
apres 24 hr, fait proposer l’hypothtse que le form- 
aldehyde wait attaqd dans un premier temps par le 
vanadium(V) selon le mkcanisme suivant: 

“y&j - “\c- 5 

H’ ‘L H’ “-’ 
v+w 

pour donner dans un premier temps soit un carbo- 
cation formyle H-&=0 et un atome d’hydrogene 
radicalaire, soit un radical formyle Ha et un 
proton. Dans un deuxieme temps, ce demier conduit 
a son tour au carbocation. En presence de traces 
d’eau, celui-ci peut conduire a l’acide formique. 

L’absence de reactivite de l’acide formique dans ce 
milieu Ctaye cette hypothese.. &pendant, il n’a pas CtC 
possible de la mettre en evidence en raison de 
l’interference du solvant acktique. En revanche, en 
milieu phosphorique lOO%, l’acide formique a pu 
&tre identifie par chromatographie en phase gazeuse 
couplbe ~4 la spectrometrie de masse apres oxydation 
du formol pendant 24 hr a temperature ambiante. 

1 L’acktaldthyde est plus resistant a l’oxydation que 
son homologue inferieur comme le montre la figure 
2, et ceci est, a premiere vue, surprenant en raison du 
caractere donneur d’electrons du methyle. Nous pen- 
sons rapprocher ce comportement des observations 
faites dans le domaine spectral dun effet hypso- 
chrome du groupement methyle de l’acetaldehyde 
par rapport au formaldthyde.21 Ce comportement 
pourrait dtre dO a un effet mesomere plus important 
que l’eventuel effet inducteur. 

Le mecanisme reactionnel d’oxydation est proba- 
blement le meme que celui du formaldehyde et con- 
duit, dans ce cas, a la formation d’acide acktique en 
consommant 2 moles de vanadium(V). 

La quantiti: determike expkrimentalement &ant 
de 1,6 mole/mole en 24 hr, il est possible d’imaginer 
que la reaction est ralentie ou que l’oxydation ne 
touche qu’une partie des molecules comme cela a deja 
Cte observe en milieu aqueux sur des molecules 
difficilement oxydables. zL L’explication possible de ce 
phenomene pourrait Ctre que la faible stabilite du 
complexe fox-me initialement laisse libre un certain 
nombre de molecules et que settles les molecules 
complexees reagissent. 

Le comportement du methylal vis a vis de 
l’oxydation vanadique est tres proche de celui du 
formaldehyde, comme le montre la figure 2. Cette 
etude confirme l’absence de reactivite des groupe- 
ments methoxylts comme cela a et6 vu pour le 
methanol lui-mbme. Elle permet kgalement de con- 
stater que la disparition de la double liaison du 
carbonyle n’entrave pas l’oxydation. Cette obser- 
vation est a rapporter a celle faite en milieux aqueux 
et non aqueux sur la reactivite des etheroxydes.2 

Dans le cas de trioxymethyltne (trioxanne-1,3,5) la 
cinetique d’oxydation est considerablement ralentie. 
Au bout des 5 premieres heures d’oxydation, alors 
que pour le formaldehyde la transformation en acide 
formique est totale, la consommation, exprimee en 
“chainon formaldehyde” correspond seulement a 
0,5 mole de vanadium(V) (Fig. 2). 11 existe done une 
resistance importante a l’oxydation. Celle-ci pourrait 
etre due a la structure symetrique du cycle dans 
laquelle les atomes d’oxygene altement avec les 
groupements methylerie. I1 en resulte une certaine 
mbsomerie, contrairement I ce qui se produit avec le 
methylal ou les groupements methyle ont un carac- 
t&e donneur. En effet, la formation de trim&e 
I partir du formaldehyde provient de la creation 
de liaisons par un transfert concert& et la de- 
polymtrisation peut se faire par un mkcanisme 
inverse. Au bout de 24 hr, la consommation en 
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Fig. 2. CinQique d’oxydation d’aldkhydes et de derivbs. 

vanadium(V) atteint 1,3 mole/mole et se stabilise. 
L’oxydation n’est done pas complete dans ce milieu. 
L’hypothese qui peut &re kmise consiste I envisager 
la creation d’un complexe initial de faible stabilite qui 
entraine une difficult6 d’oxydation. 

Cktones. En milieu aqueux, l’adtone s’oxyde 
selon Gaudefroy= en dormant les acides acktique et 
formique selon: 

CH,COCHr + 6VO; + 6H+ 

+ CH,COOH + HCOOH + 6V02+ + 3HrO 

En milieu acktique, cornparke a la rkactivite du 
formaldehyde et de I’acktaldehyde que nous venons 
d’etudier, celle de pa&one est encore plus faible 
(< 1 mole/mole en 36 hr) (Fig. 3). Ceci Ctaye 
l’hypothese faite pour le cas de l’acetaldbhyde, 
puisqu’ici la presence de deux groupements mtthyle 
diminuent la reactivite dune man&e plus importante 
que celle de l’unique mtthyle de I’acktaldehyde. 

Par ailleurs, il faut noter que cette oxydation 
s’accompagne dune liberation importante de dioxyde 
de carbone (0,9 mole/mole en 24 hr). Dans les mi?mes 

conditions, aucune trace de monoxyde de carbone n’a 
pu Btre d6tectke. 

En fonction de ces premiers &ultats nous avons 
envisage pour d’autres c&ones, comme pour les 
alcools, l’influence de la longueur de la chaine, de la 
conformation spatiale et de la ramification. 

L’oxydation de la butanone en milieu acktique 
confirme les rksultats obtenus pour les alcools 
secondaires. En effet, par rapport a l’acktone, la 
consommation passe de 0,4 a 2,4 mole/mole en 24 hr. 
La presence au voisinage du groupement fonctionnel 
dune chaine comportant au moins deux atomes 
de carbone favor& l’oxydation. Cette observation 
est confirmte par l’etude de l’oxydation de la cyclo- 
pentanone et celle de la cyclohexanone qui rkduisent 
respectivement 6 et 8 moles de vanadium(V) par mole 
(Fig. 3). &pendant la difference de reactivite entre 
ces deux cyclanones qui ne different que par un 
chainon methyl&e, nous fait envisager l’existence 
dun autre parametre que l’allongement de la chaine. 

Nous avons deja tmis, a propos de la difference de 
reactivitt entre le formaldehyde, l’acktaldehyde et 
l’acktone, la possibilite de l’existence de formes meso- 
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Fig. 3. Cinetique d’oxydation de quelques &ones. 
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meres par hyperconjugaison. Pour qu’existe une telle 
mesomerie la plantite de la molecule est necessaire. 
Cola est le cas de la cyclopentanone, du fait de la 
tension du cycle. En revanche, une telle conformation 
est impossible dans le cas de la cyclohexanone. Cette 
absence de plan&e peut &tre responsable de la 
rkactivite plus importante de cette derniere. 

L’etude de la methylisobutylc&one pouvait, a pri- 
ori, laisser envisager une augmentation de la vitesse 
et de l’intensite de l’oxydation en raison de 
l’augmentation du nombre d’atomes de carbone de la 
molkule. 01 les resultats ex~~mentaux invent 
cette hypothese puisque qu’apres 24 hr une seule mole 
de vanadium(V) est reduite par mole de c&one. 

L’infIuence negative de la ramification est ainsi 
mise en evidence. Elle est confirmke par l’etude 
r&&&e sur le camphre dont la structure voisine de la 
cyciohexanone pouvait laisd espkrer un com- 
portement analogue. Or nous constatons une eve- 
lution parallele a celle de la m&hylisobutyl&one, 
puisqu’en 24 hr la consommation n’est que de 
2 mole/mole. Qr cette molecule comporte trois groupe- 
ments methyle. M&ne si apres 48 hr la reaction 
evolue vers une consommation plus im~rtante, la 
resistance a I’oxydation n’en demeure pas moins 
tvidente. Les raisons de cette influence negative des 
ramifications par des groupements mtthyle pour- 
raient corresponds a l’existence d’un certain en- 
combrement sterique ou a la structure tertiaire ou 
quaternaire de certains carbones. 

La plus grande oxy~bilit~ des c&ones que des 
alcools secondaires correspondants est un phenom- 
bne general puisque deja l’ac&tone est legerement 
oxydke alors que le propanol-2 resiste. Cette obser- 
vation est encore plus nette pour le butanol-2 et la 
butanone et surtout pour le cyclohexanol et la cyclo- 
hexanone. La cession au vanadium de l’dlectron 
venant de I’oxygene est logiquement plus grande dans 
le cas du carbonyle, en raison de la double liaison qui 
facilite la mobilisation, que darts celui de l’hydroxyle. 

Acicies. Comme nous l’avons vu preckdemment, 
l’acide formique resiste a l’oxydation tant en milieu 
acktique que phosphorique. Quant a l’acide acktique, 
dans le seul milieu ou son etude soit possible, c’est a 
dire le milieu phospho~que, il est Cgalement resistant 
aussi bien a l’acide phospho~que 85% qu’a 100%. 

Comme pour le series pr&&dentes (alcools, derives 
carbonyles), l’influence de la longueur de la chaine a 
tte envisagie. Ceci nous a amen6 a etudier les tine- 
tiques d’oxydation des acides propionique, butyrique, 
caprylique et caprique. Nous avons constate que le 
milieu ac&ique n’est pas adapti: a une oxydation 
d’homologues du solvant. En effet, leur com- 
portement doit &tre analogue a ce demier. Les 
premiers essais entrepris en milieu acktique avec 
les acides formique, dipropylacitique (valpro’ique), 
benzdique et phenylacktique conlirment l’absence de 
rkactivite. En outre, ~insolubilit~ des acides satures 
a longue chaine, tels que l’acide stearique, est un 
argument supplkrnentaire pour abandonner ce 
solvant. L’etude a done et6 realisee pour ces derives 
exclusivement en milieux phosphoriques. 

L’acide propionique subit une tr&s leg&e oxydation 
(0,7 mole/mole en 24 hr). En ce qui concerne les 
acides sup&ieurs, la consommation semble se sta- 
bilker a 24 hr vers 2,s mole/mole au moins jusqu’a 
Cl0 (Fig. 4). Au deli, la diminution de la solubilitb 
rend l’etude impossible. Cependant, les acides sem- 
blent reagir dune facon un peu plus intense que les 
alcools primaires correspondants. 

En ce qui concerne I’intluence de la ramifi~tion de 
la chaine, etudiee dans le MS des c&ones, nous 
retrouvons un phtnomene analogue puisque l’acide 
valpro’ique ne consomme que 1,8 mole/mole en 24 hr. 

En ce qui concerne les esters, aucune etude n’avait 
et& realide en milieu aqueux en raison de leur in- 
solubilite. Un essai &alid sur un ester (l’aktate de 
methyle) en milieu acktique a montre qu’il est insen- 
sible a l’oxydation au moins jusqu’a 24 hr. Ceci n’est 
pas surprenant si nous considerons l’analogie avec 
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Fig. 4. Cinetique d’oxydation de quelques acides. 
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l’acide, mais il etait possible d’envisager un com- 
portement voisin de celui des Ctheroxydes. 

L’acide benzo’ique a ttt envisage en sa qualite 
d’acide aromatique, et en raison du fait qu’il peut dtre 
Cgalement l’intermediaire ou le terme de nombreuses 
reactions d’oxydation. 

En milieu ac&ique, il est insensible a l’oxydation au 
moins pendant les 20 premieres heures. En milieu 
phosphorique a 85% et a loo”, il ne commence a 
s’oxyder qu’a partir de 24 hr (environ 0,l mole de 
V(V) par mole). En milieu phosphorique a 100% et 
a lOO”, il s’oxyde plus nettement puisqu’en 24 hr, il 
consomme 1,6 mole de V(V) par mole. Cependant, 
l’absence pratique d’oxydation de l’acide benzo’ique 
dans des conditions classiques confirme les obser- 
vations deja remarqdes en milieu vanadique aqueux. 

L’acide phenylacetique permet d’etudier l’hent- 
uelle reactivitt du methyl&e benzylique. Aucune 
oxydation ne se produit en milieu acttique jusqu’a 5 
hr et ensuite une consommation de 0,35 mole de V(V) 
par mole apparait a 24 hr. En revanche, en milieu 
phosphorique a 100% et a lOO”, il consomme 
8,s moles de V(V) par mole en 24 hr. 

L’Ctude de l’acide phtnyladtique avait pour but 
d’envisager le comportement dun derive portant le 
groupement benzyle. En effet, il a ttC possible de 
mettre en evidence, lors de l’oxydation vanadique en 
milieu aqueux de la benzyl-1 isoquinoleine, la re- 
sistance inattendue du methylerie du substituant qui 
dans d’autres types d’oxydation est transforme en 
c&one. Parmi les produits reactionnels, a CtC isolee 
une quantite importante d’acide benzyl-2 pyridine 
dicarboxylique-3,4.6 Nous constatons, ici encore en 
milieu anhydre, la m&me resistance de ce groupement. 

CONCLUSION 

L’emploi de reactifs partiellement ou totalement 
anhydres a permis d’explorer un nouveau domaine 
d’oxydation par le pentoxyde de vanadium. 11 Btait 
important d’envisager l’oxydation de molecules 
unifonctionnelles simples dans la mesure od les 
mecanismes mactionnels d’oxydation de derives 
plurifonctionnels conduisent frequemment a un 
derive hydroxyle, carbonyle ou carboxylique. 

&pendant, en milieu a&tique anhydre, la reac 
tivid du vanadium(V) ne parait pas superieure a celle 
observte en milieu aqueux. Ceci peut Ctre dO a 
l’existence dans le reactif de complexes sulfo- 
a&ovanadiques.14 

Dans le cas des alcools, les premiers termes sont 
moins oxydables en milieu adtique qu’en milieu 
aqueux. L’emploi de l’acide ac&ique comme solvant 
a toutefois permis d’ttudier le comportement 
d’alcools sup&ieurs peu solubles dans I’eau et de 
constater que l’allongement de la chalne facilite 
l’oxydation. En outre, les alcools secondaires sont 
plus facilement attaquts que les primaires comme le 
montre la comparaison entre les comportements de 
l’octanol-1 et de l’octanol-2. 

En ce qui conceme les derives carbonyles, comme 
en milieu aqueux, les aldehydes r&agissent plus 
difficilement que les c&ones. Cependant, ils s’oxydent 
plus intensiment que les alcools correspondants. 

Pour les acides, nous confirmons l’absence de 
reactivite en milieu adtique comme en milieu aqueux. 

Par ailleurs, cctte etude permet d’etendre ici encore 
le domaine de l’oxydation vanadique a des molecules 
hydrophobes, comme les Ctheroxydes (oxyde 
d’tthyle). En effet, par opposition a la resistance des 
esters, I’oxydabilite des ttheroxydes permet de 
confirmer que ce groupement fonctionnel, souvent 
repute inerte, reagit dune facon non ncgligeable avec 
le vanadium(V). 

En revanche, l’acide phosphorique conccntr& qui 
pos&de lui aussi un bon pouvoir solvant vis a vis de 
nombreuses molecules organiques et qui permet, en 
outre, d’op&er H temperature Clevee, nous a permis 
d’observer une oxydation non negligeable des acides 
aliphatiques. 
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Summary-A method has been developed for determination of germanium, based on complexation with 
mandelic acid and extraction of the ion-associate formed with Malachite Green (MG) into chlorobenxene. 
A weakly acidic aqueous solution (pH 2.5-3.5) at room temperature is used and indirect determination 
is achieved by measuring the absorbance of MG in the extract, at 628 NIL The calibration graph is linear 
over the range (0.17-8.63) x 10e6M (0.05-2.50 pg of germanium); the apparent molar absorptivity is 
1.33 x lo5 l.mole-’ .cm-‘. The interferences from Fe, Ti, Sn(IV), MO, and SQIII) can be eliminated by 
addition of trans-1,2-diaminocyclohexanetetra-acetic acid and sodium diethyldithiocarbamate. 

Germanium has been determined by several spectro- 
photometric methods and a variety of reagents.ld Of 
these, the highly sensitive phenylfluorone (9-phenyl- 
2,3,7-trihydroxy-64luorone; PF) method is most 
commonly used in spite of its poor selectivity, poor 
reproducibility and the slow formation of the 
Ge(IV)-PF complex. The PF method also requires 
the addition of gelatin, gum arabic or poly(viny1 
alcohol) as a dispersing agent because of the low 
solubility and stability of the complex in water. 
Recently, highly sensitive and selective deter- 
minations, based on the colour reaction between 
germanium and PF-derivatives in the presence of 
cationic surfactants, have been reported.738 These 
non-extractive methods are simple and rapid but a 
highly acidic medium (15M phosphoric acid or 6M 
sulphuric acid) is necessary for complete formation of 
the coloured complex. Methods for extraction and 
spectrophotometric determination have also been 
reported.“’ These methods are, however, based on 
the colour reaction of germanium and PF, and a 
pre-extraction step to separate the germanium from 
interfering ions is necessary because of the poor 
selectivity of PF, which is a major drawback 
of the method. It is difficult to obtain high sensi- 
tivity and good reproducibility by using flame 
atomic-absorption spectrophotometry, because GeO 
volatilizes without undergoing atomization, on 
account of the high dissociation energy of the Ge-G 
bond, and there is also serious interference from 
concomitant ions.‘3B’4 

We have found that a-hydroxy-acids are very 
useful complexing agents, especially for metals which 
form oxo-ions in solution, and highly sensitive and 
selective methods for their determination have been 
reported.lSu In further work on these systems, it was 
found that germanium reacted rapidly with mandelic 
acid to form a complex that could be extracted into 
chlorobenxene with Malachite Green as counter-ion, 
from weakly acidic media (pH 2.5-3.5) at room 

temperature, and that the resulting ion-association 
complex with Malachite Green is very stable. The 
proposed method is highly sensitive, selective and 
reproducible, and less troublesome than others, 
since only a single extraction is needed. There is no 
requirement for dispersing agents such as gum arabic 
or surfactants, or strongly acidic media, or pre- 
separation of germanium from other ions or back- 
extraction into aqueous solution. Interferences 
from molybdenum(V1) and antimony(II1) can be 
effectively eliminated by the use of sodium 
diethyldithiocarbamate (DDTC). Interferences from 
iron(III), titanium(IV) and tin(N) are prevented by 
addition of trans-1,2-diaminocyclohexanetetra-acetic 
acid (DCTA). 

EXPERIMENTAL 

Apparatus 
UVIDEC-660 (Japan Spectroscopic Co.) and Hitachi 

Model 181 spectrophotometers were used, with IO-mm glass 
cells. An Iwaki Model V-DN type KM shaker and a Hitachi 
03P centrifuge were also used. The pH values were measured 
with a Hitachi-Horiba M-8 pH-meter. 

Reagents 
All reagents and solvents used were of analytical grade. 

All aqueous solutions were pnpared with demineralized 
water. 

Standard germanium(IV) solution. A commercially avail- 
able germanium standard solution (1000 ppm Ge) was used 
and working solutions were made by suitable dilution as 
required. 

Malachite Green (MG) solution (2.0 x 10-W). Prepared 
from guaranteed grade MG oxalate. 

Mandelic acid (MA) solution (1.0 x IO-%). 
Acetate bu&r (pH 3.0). Prepared from O.lM sodium 

acetate and 0.5M sulphuric acid. 
DCTA solution, 0.1 M. 
DDTC solution, O.IM. 

Standard procedure 

Transfer a suitable volume of standard germanium solu- 
tion (containing up to 2.50 pg of germanium) into a N-ml 
test-tube equipped with a stopper, and add 1 .O ml of acetate 
buffer, 0.6 ml of MA solution and 1.0 ml of MG solution. 
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Dilute to 4.0 ml with water and shake the solution with 4.0 
ml of chlorobenzene for 5 min. Separate the phases and 
measure the absorbance of the organic phase at 628 nm, 
using IO-nun glass cells, against chlorobenzene as reference. 

RESULTS AND DISCUSSION 

Selection of complexing agent, cationic dye and 
extraction solvent 

We have examined the reactions between 
germanium and a-hydroxy-acids such as lactic, 
glycollic, 2-hydroxyisobutyric, 2-hydroxy-2-methyl- 
butyric, 2-hydroxyisocaproic, mandelic and p-chloro- 
mandelic, along with extraction of the products 
into chlorobenzene, benzene, toluene, carbon tetra- 
chloride and cyclohexane, with the dyes Ethyl 
Violet, Crystal Violet, Brilliant Green and Malachite 
Green as counter-ions. With each acid, different 
combinations of extraction solvents and dyes were 
examined, and optimal experimental conditions were 
established. The germanium complexes with lactic 
and glycollic acids could not be extracted into any of 
the solvents. Carbon tetrachloride and cyclohexane 
did not extract any of the ion-association complexes. 
With both benzene and toluene as extractant, the 
most appropriate combination of complexing agent 
and dye was p-chloromandelic acid and Brilliant 
Green, and the apparent molar absorptivities ob- 
tained were 6.2 x lo4 and 5.4 x lo4 l.mole-‘.cm-*, 
respectively. Similarly, the effectiveness of /I- 
hydroxy-acids as complexing agents for ger- 
manium has been examined. The acids tested were 
5-amino-2-hydroxybenoic, 2,4,6-trihydroxybenzoic, 
2,5-dihyroxybenzoic, 2-amino-2-hydroxybutyric, 2- 
amino-3-hydroxypropionic and 2-phenylhydroxy 
acrylic. However, none of the ion-association 
complexes thus obtained could be extracted into 
chlorobenzene. Table 1 shows the reagent blank and 
apparent molar absorptivity for germanium com- 
plexes with cc-hydroxy-acids and dyes, extracted into 
chlorobenzene. It is clear that the MG-MA- 
chlorobenzene system is the most suitable for deter- 
mination of pg amounts of germanium. 

SO 600 66o 700 

Fig. 1. Absorption spectra: (I), reagent blank; (II), 
4.1 x 10e6M Ge (1.2 pg). Malachite Green, 5.0 x 10m4M; 
mandelic acid, 1.5 x lo-)M; pH, 3.0; reference, chloro- 

benzene. 

chlorobenzene. The wavelength of maximum absorp- 
tion in each spectrum is 628 nm. 

Experimental variables 

Maximum and constant absorbance of the organic 
phase was obtained over the pH range 2.5-3.5, and 
pH 3.0 was chosen as optimal. Phosphate buffer 
(O.lM, pH 3.0) can be used instead of acetate buffer, 
but not tartrate or citrate buffer, because the sensi- 
tivity will be lowered. 

The absorbance of the reagent blank increases 
gradually with increase in MG concentration, but the 
net absorbance for a fixed germanium concentration 
(4.1 x 10T6M) reaches a constant value at MG con- 
centrations exceeding 4.5 x ltih4 in the aqueous 
solution. The concentration of MG was 6xed 
at 5.0 x 10m4M. Figure 2 shows that maximal and 

0.6 
t 

( II 1 

8 0.4 

f D 
9 0.2 

Absorption spectra 

The absorption spectra of the reagent blank and 
the ion-association species formed between the 
germanium-MA complex and MG in chlorobenzene 
are shown in Fig. 1. MG is not extracted into 

I I I I I 

0 1 2 
CMAI, 10-3M 

Fig. 2. Effect of mandelic acid concentration: (I), reagent 
blank; (II), net absorbance (Ge = 4.1 x 10v6M); Malachite 

Green, 5.0 x l0-4M; pH, 3.0. 

Wavelength (nm) 

Table 1. The reagent blank and the apparent molar absorptivities (c, 20’ Imole-‘.cm -‘) for germanium complexes with 
a-hydroxy acids and dyes, extracted into chlorobenzene 

Ethyl Methyl Crystal Brilliant Malachite 
Violet Violet Violet Green Green 

Complexing reagent blank 6 blank L blank e blank t blank e 

2-Hydroxyisobutyric acid 0.49 1.2 0.22 0.0 0.22 0.9 0.33 2.0 0.13 1.6 
2-Hydroxy-2-methylbutyric acid 0.28 1.0 0.29 1.4 0.28 2.0 0.33 2.5 0.14 1.7 
2-Hydroxyisocaproic acid 0.20 0.3 0.16 0.6 0.20 3.0 0.38 4.0 0.13 8.3 
Mandelic acid 0.67 1.7 0.68 2.2 0.29 1.6 0.35 4.1 0.11 13.3 
pChloromandelic acid 0.25 0.0 0.29 0.4 0.20 0.0 0.63 3.3 0.12 12.0 



Determination of germanium(W) 

Table 2. Effect of diverse ions on the determination of 4.1 x 10m6i14 germanium 
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Ion 

F- 
Cl- 
Br- 

I- 

NO, 

Mole Recovery, Mole Recovery, 
Added as ratio to Ge % Ion Added as ratio to Ge % 

KF 1000 96 W+ SrCl, 1000 102 
NaCl 1000 102 Ba*+* BaCl, 1000 103 
KBr 10 100 Mn*+ MnCl, 1000 102 

100 115 Cr’+ CrCl, 1000 100 
NaI 0.1 100 Cr(V1) K2Cr2G, 0.1 101 

1 124 1 128 
KNO, 1 99 co*+ CoCl, 100 100 

10 
SCN- KSCN 0.1 

ClO,- KClO, 

SC#- Na, SO, 
HzpO,- KHW, 
Mg2+ 
Ca*+ 

W-32 

CaCl, 
As(II1) As203 

As(V) I qa,HAsO, 
WIV) H2m4 

1 
0.01 
0.1 

5000 
5000 
1000 
1000 
100 
500 

1000 

113 
104 
152 
101 
113 
104 
98 

102 
102 
102 
98 

100 

Ni*+ 
cu2+ 
Zn*+ 
Be*+ 

Pb*+* 

Al’+ 

Fe*+ 
Fe3+ 

NiCl; 
cuso, 
ZnSO, 
Beso, 
PbCI, 

~w3Q)2 

Mohr’s salt 
Ferric alum 

100 
100 
100 
100 
10 

100 
100 

1 
10 

100 
100 

1 
10 

97 
98 
99 

100 
98 
85 

101t 
98 

$7 
98 
98 
87 

*Acetate buffer solution adjusted with HCl was used. 
tin the presence of 2.5 x 10e3M DCTA. 

constant net absorbance is obtained when the MA 
concentration in the aqueous phase is at least 
1 .O x 10-3M. The concentration of MA was therefore 
fixed at 1.5 x lo-‘M. 

A shaking time of about 3 min was necessary to 
attain a constant absorbance, and for routine work 5 
min is recommended. 

Composition of the complex 

The molar absorptivity of MG in aqueous solution 
is cu. 6.8 x 10’ l.mole-‘.cm-i, and the apparent 
molar absorptivity for germanium in the extract is 
about twice that. It is thus suggested that the molar 
ratio of MG to germanium in the complex is 2: 1 and 
that a doubly charged anionic germanium complex is 
formed. The composition of the extracted species 
cannot be determined by the continuous-variation or 
mole-ratio methods, because of the large excess 
of MA and MG required for its formation. It is, 
however, suggested that [Ge(MA),]*- 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 
(0.17-8.63) x 10e6M (0.05-2.50 pg of germanium) in 
the aqueous phase. The apparent molar absorptivity 
calculated from the slope of the graph was 13.3 x 10’ 
1 .mole-i .cm-‘, and the absorbance of the reagent 
blank was 0.11. These figures were independent 
of temperature in the range 10-25”. The coefficient 
of variation was 1.8% (8 replicates, 4.1 x 10m6M 
germanium) and the absorbance of the organic phase 
remained constant for at least 60min. 

Effect of diverse ions 

The effect of various ions on the determination of 

4.1 x 10W6M germanium was examined (Table 2). 
Iodide, perchlorate and thiocyanate, which are bulky 
anions with low surface-charge density, cause positive 
errors even at low levels, whereas fluoride, chloride, 
and sulphate do not interfere even at high concen- 
trations. Most cations tested do not interfere when 
present in lOO-fold w/w ratio to the germanium. The 
interference from iron(III), lead or aluminium is due 
to the adsorption of germanium by the metal hydrox- 
ide. Chromium(V1) gives a positive error when 
present at the same concentration as germanium, 
owing to the extraction of an ion-association complex 
([MG+][HCrG;]), but chromium(II1) does not 
interfere even at lOOO-fold amounts. Interference by 
these ions, except for Cr(VI), can be eliminated by the 
addition of DCTA (2.5 x lo-‘M). The permissible 
amounts of foreign metal ions which strongly inter- 
fere with the determination of germanium are shown 
in Table 3. These ions react with mandelic acid to 
form extractable complex anions, but antimony(V) 
does not interfere, owing to its slow reaction rate at 
room temperature. The tolerance limits obtained by 

Table 3. Permissible amounts* of interfering ions in the 
determination of germanium (1.2 &4 ml) in presence of 

masking agents 

Masking agent 

Ion None (2.5?& (l.O?&f) 

MO(W) 0.09 0.11 1.5 
Ti(IV) 0.08 0.80 0.08 
Sn(IV) 0.17 1.1 0.17 
Sb(III) 0.17 4.9 
Fe(III) 1.9 3?&t 

*Permissible amounts (pg/4 ml) corresponding to the con- 
centration that gives 3% positive error. 

tMaximum tested with a concentration of 2.5 x 10-*M 
DCTA. 
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Table 4. Recovery for the determination of germanium in steel samples 

Ge Ge Comparativ@ 
taken,* found,7 Recovery, Ge value, 

Sample pggllo0 ml pg/llW ml % ccg/I@ ml 

NBS 362 100 101 101 99 
100 101 101 
200 2028 101 199 
200 197 99 
200 198 99 
400 396 99 398 
400 393 98 

JSS 169-3 50 50 100 49 
IOU 102 102 
200 202 101 199 
300 298 99 
400 412 103 385 
500 503 101 

JSS 171-3 50 50 98 50 
100 99 100 
250 246 ;; 252 
450 448 100 439 

Components: NBS 362; C, 0.16; Mn, 1.04; Si, 0.39; V, 0.04, Ti, 0.084; 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; Co, 0.30; As, 0.09%. JSS 169-3; Ti, 0.013; MO, 0.064; As, 0.005; 
Ni, 0.050; Sn, 0.011; Cr, 0.095; Al, 0.045; Ca, 0.0006% JSS 171-3; Ti, 
0.036; MO, 0.035; C, 0.042; As, 0.045; Ni, 0.11; Sn, 0.034; Cr, 0.067; Al, 
0.040; Ca, 0.0013%. 

*The germanium solution was added to the steel sample solution (100 ml), and 
0.5 ml of this solution was examined. 

tMean of seven determinations. 
$Reference 11. 
$Standard deviation 2.1 pg. 

addition of masking agents are also given in Table 3. 
Those for titanium(IV) and tin(W) can be improved 
somewhat by masking with DCTA (2.5 x 10e3A4), 
and those for molybdenum(W) and antimony(II1) 
with DDTC (1.0 x lo-‘M). It is concluded that 
the proposed method is superior to conventional 
methods using phenylfluorone and permits the deter- 
mination of germanium in the presence of large 
amounts of iron. 

Applications 

The proposed method was applied to carbon steel 
samples (NBS 362, JSS 169-3 and 171-3), to which 
known amounts of germanium were added because 
the samples were virtually free from germanium. The 
steel was dissolved along with the known amount of 
germanium, as previously reported,” and 100 ml of 
sample solution was prepared. Then 0.1 ml of 0.1 M 
DCTA and 0.4 ml of O.OlM DDTC were added to 
0.5 ml of the sample solution, and the germanium 
content was determined by the proposed method. The 
results are summarized in Table 4, together with the 
data obtained by a PF-CCl, extraction method”. The 
recovery was close to lOO%, and the values obtained 
were in good agreement with those obtained by the 
PF extraction method. 

Although the low tolerance level for certain 
elements is a drawback, the method is suitable for 
most types of sample. 
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DETERMINATION OF IODINE IN SEAWEED AND TABLE 
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Summary-Decomposition methods based on fusion with alkali are discussed, with respect to the 
determination of iodine in biological material. It is shown that sodium hydroxide can be used for the 
decomposition of seaweed without loss of iodine. In spite of the oxidizing conditions, the iodine will be 
present as iodide in the final ash. The iodide can he determined by an indirect atomic-absorption method, 
based on the reaction between iodide and mercury(II), with determination of mercury by cold vapour 
atomic-absorption spectrometry. The basis of the method is discussed, and it is shown that the use of 
tin(I1) as reductant is essential. The effect of the oxidation state of the iodine on the sensitivity of the 
method is pointed out. High concentrations of chloride interfere, but it is still possible to determine iodide 
in iodinated table salt. 

The determination of iodine in biological material is 
complicated by the risk of loss of iodine during the 
decomposition step. Both acid digestion and fusion 
with alkali have been used with success, but losses are 
also frequently observed. Malvano et al.’ found that 
an acid digestion was better than an alkaline attack, 
and Pauwels and Wesemael* and Kuldvere3 also used 
an acid treatment, but Sun and Julshamn4 found 
significant losses of iodine during acid digestion. 

Fusion with alkali-metal hydroxide or carbonate 
seems to be the decomposition method preferred by 
most authors for the determination of iodine in 
biological material. +-‘I However, there are many 
different ways of performing the decomposition. The 
alkali may be added either as an ashing aid for dry 
ashing, or in larger amounts to facilitate an efficient 
alkaline fusion. Foss et aL5 and Sun and Julshamn4 
found that it is better to use the alkali-metal hydrox- 
ides than the carbonates, and for some matrices the 
potassium compounds may be more suitable than the 
sodium compounds. 4-7 Recently Ayiamridis and 
Voulgaropoulos* found that addition of potassium 
chloride to the potassium hydroxide melt is advan- 
tageous. The experimental parameters used, such as 
amount of alkali added, temperature, time and type 
of digestion vessel, vary from one author to another, 
and so do the losses reported. 

The oxidation state of the iodine after the treat- 
ment with alkali is commented on by few workers. 
Barakat et ~1.~ state that the iodine will be present as 
potassium iodide after a digestion with potassium 
carbonate, and the presence of iodide is implicitly 
assumed by other workers using alkali, although 

*To whom all correspondence should he addressed. 

the decomposition process involves oxidation of the 
organic material by atmospheric oxygen.‘* The 
subsequent method of determination often requires 
that the iodine is present as iodide. This is the case 
for the well-known Sandell and Kolthoff reaction,13 
which is based on the catalytic action of iodide on 
the arsenic(IIIjcerium(IV) reaction. Iodide is also 
the reacting species in the indirect determination of 
iodine by atomic-absorption spectrometry,3*4 which is 
the method used in this work. Both the Sandell and 
Kolthoff reaction and the atomic-absorption method 
involve the use. of a reducing agent to produce iodide 
ions, if these are not already the only form of iodine 
produced during the decomposition step. This is 
probably the reason why some authors’*4 suggest that 
the calibration curve can be prepared from either 
iodide or iodate salts. However, it has been pointed 
outi that erroneous results are obtained if iodate is 
used as the standard in the Sandell and Kolthoff 
method, and a similar dependence on the oxidation 
state is also to be expected for the atomic-absorption 
method. 

In the present work the use of sodium hydroxide 
for the decomposition of seaweed has been investi- 
gated. It has been claimed that sodium compounds 
will more easily give a fully oxidized white ash,‘* 
but on the other hand losses of iodine have been 
reported when sodium hydroxide is used for the 
decomposition of biological matrices.‘~5 The iodine 
oxidation state after the fusion step and its effect on 
the sensitivity of the indirect atomic-absorption 
method has also been studied in some detail. 

The indirect atomic-absorption method is based on 
the effect of iodide on the determination of mercury 
by the cold vapour technique. Mercury(I1) is added 
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to the sample solution in a molar amount which is 
approximately one tenth of that of the iodide. The 
decrease in the atomic-absorption signal for mercury 
is proportional to the iodide concentration in 
the solution, within a certain ~n~ntration range. 
The theoretical basis for the method has not been 
well explained. The possible reactions involved are 
discussed in this paper. 

It has been claimed that chloride does not interfere 
in this indirect atomic-absorption method.’ However, 
in iodinated table salt the ratio of chloride to iodide 
is extremely large, and it was therefore of interest to 
check whether the method can be applied to this 
material. This is discussed at the end of the paper. 

EXPERIMENTAL Decomposition of seaweed 

Apparatus 
A Perkin-Elmer 300 atomic-ablation spectrometer, an 

Omniscribe D-5000 recorder and a mercury hollow-cathode 
lamp were used. The all-glass mercury-generation system 
consisted of a vessel and lid (B45 joint) with inlet and outlet 
tubes for argon. The inlet tube had a glass sinter at the end 
immersed in the solution. The outlet tube was connected to 
a l&cm long fused-silica absorption cell, which was placed 
in the ~ght-~th. A Naber N3P muiRe furnace was used for 
the decomposition of seaweed. 

Reagents 
All reagents were of analytical grade. A 5gM mercury(II) 

stock solution was prepared from the chloride and stabilized 
by addition of 30 g/l. sodium chloride. A 0.3M tit@) 
stock solution was prepared from SnCl,+2H,O and 2.4M 
hydr~~o~c acid. Standard iodide solutions were prepared 
from potassium iodide. The seaweed sample was a commer- 
cial nutrition supplementation product, Vitalia Taremel 
(Cederroth A/S, Norway), a dried powder produced mainly 
from the seaweed L.uminaria. The iodinated table salt was a 
common commercial product. The argon used was 99.99% 
pure. 

~e~ompo~~tion of seaweed 

The decomposition of biological material by heat- 
ing with alkali-metal hydroxide is referred to either as 
dry ashing with an ashing aid or as a fusion process. 
There is no clear distinction between the two terms. 
If the sample is heated at above 410” with an excess 
of the hydroxide, a melt is obtained, because of the 
low melting points of the alkali-metal hydroxides 
(321” for NaOH and 404“ for KOH). However, the 
reaction is not a simple fusion, because the melt will 
react with atmospheric oxygen,‘* and the organic 
material in the sample will be oxidized. If the alkali- 
metal hydroxide is not added in excess, its function 
will probably be more that of an ashing aid in a dry 
ashing process. 

Transfer 0.5 g of the seaweed powder to a nickel crucible, 
add 1 g of sodium hydroxide powder, and mix well with a 
glass rod. Cover the mixture with 1 g of sodium hydroxide, 
place the crucible in the mufIle furnace, and heat according 
to the temperature programme shown in Fig. 1. Cool the 

The sample should be well mixed with the hydrox- 
ide. To this end the hydroxide is sometimes added as 
an aqueous solution, UO The addition of alcohol has 
also been recommended.h14 In these cases the mixture 
must be dried at 100” before the ashing can com- 
mence. However, the sample can also be mixed 
directly with the solid hydroxide.‘* The as~nglf~ion 
step is normally done by placing the crucible in a cold 
mutIle furnace, which is then heated to 400-600”. 

Preliminary experiments showed that the addition 
of alcohol prior to the ashing necessitated a pro- 
longed drying step at a low temperature, to ensure 
that all the alcohol had been evaporated before the 
ashing was started. When traces of alcohol were 
present, ignition of the sample easily occurred in 
the furnace, but this could be prevented by covering 
the sample with a layer of alkali-metal hydroxide 
powder. 

L 0 80 

Tlmr (mini 
Fig. 1. Temperature programme for the decomposition of 

seaweed by fusion with sodium hydroxide. 

melt and dissolve it in 10 ml of water, by heating at 90” for 
15 min, transfer the solution to a I-litre standard flask, and 
dilute it to volume with water. 

Atomic-absorption procedure 
To a 5-ml aliquot of the sample solution, add 50 ml of 

60% perchloric acid and 2 ml of S@4 mercury(I1) and dilute 
to 250 ml with water. The fmal concentrations should 
be ca. OS@ iodide, 2.3M perchloric acid and 0.05pM 
mercury(I1). Transfer 50 ml of this solution to the reaction 
vessel and add 1 ml of 0.3M tin(I1) solution. Put on the lid 
and pass argon through the solution at 1 l&nits, and record 
the atomic-absorption signal. Calculate the concentration of 
iodine from the calibration curve, which is prepared by 
similar treatment of potassium iodide standards. 

RESULTS AND DISCUSSION 

In this work the sample was mixed with sodium 
hydroxide powder, and the mixture was covered with 
a layer of the hydroxide. The crucibles were heated 
in a muffle furnace, according to the temperature 
programme shown in Fig. 1. After 75 min the melt 
was cooled and dissolved in hot water. The final 
solution was not filtered. 

It was found that both sodium and potassium 
hydroxide could be used for the decomposition, 
However, the decomposition was more complete with 
sodium hydroxide than with potassium hydroxide, as 
indicated by a more homogeneous melt, and, after the 
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dissolution, by a colourless solution with few carbon 
particles. Even so, the same results were obtained for 
iodine in seaweed, whichever of the two hydroxides 
was used (see below). 

Mercury(ZZ) reactions 

The indirect method is based on the effect of iodide 
on the generation of mercury vapour, which in turn 
is measured by atomic-absorption spectrometry. The 
mercury(I1) is added in a molar concentration which 
is approximately one tenth of that of iodide, and 
tin(I1) is used as reductant. The atomic absorption 
signal decreases with increasing concentration of 
iodide. 

The effect of iodide on the mercury signal has not 
been well explained. Both complex formation and 
redox equilibria must be taken into consideration. 
Mercury(I1) forms a series of complexes with iodide, 
the main species being HgI+, HgI,, HgI; and HOI;. 
The respective formation constants are 10u9, lti3.*, 
1027.6 and 10r9.*.L5 For 1pM iodide and O.l@f mer- 
cury(II), the predominating species is found to be 
HgI,. The ratio [HgIJIHgz+] is ~10’1.6, and the 
concentration of non-complexed mercury will be only 
10-1*.6M. The most likely reduction reaction for 
mercury(I1) is therefore 

HgI,+2e-+Hg+21- (1) 

although a two-step process involving Hg,I, is also 
possible. In the absence of iodide the reaction would 
be 

Hg*+ +2e-+Hg (2) 

The standard potential of reaction (1) is 0.150 V, and 
that of reaction (2) 0.854 V.16 Thus, the complexation 
of mercury(I1) by iodide shifts the standard potential 
of the mercury reduction by cu. 0.70 V. The value 
0.150 V was calculated from the equation 

0.05916 
ET=@-- 

2 log Z&s,* 

where E! refers to reaction (2) and KHti2 is lO23 *. With 
0.1@4 and l@f for the total mercury(I1) and iodide 
concentrations, respectively, the potential of reaction 
(1) becomes 0.304 V. 

The reaction of tin(I1) during the mercury reduc- 
tion is 

Sn(I1) + Sn(IV) + 2e (3) 

The standard potential of the Sn(IV)/Sn(II) system is 
0.133 V in 2M hydrochloric acid.17 The potential is 
less well defined in perchlorate medium. Assuming 
that the concentrations of tin(I1) and tin(IV) are 
6nU4 and O.lpM, respectively, the potential of reac- 
tion (3) becomes -0.008 V, which indicates that 
tin(I1) should still be able to reduce the mercury 
complexes. 

The effect of iodide on the mercury generation may 
thus be explained by the shift in the potential for the 
mercury(I1) reduction, which makes the reduction by 

tin(I1) less effective. According to this explanation, 
the effect of iodide should be more pronounced when 
a lower concentration of reductant is used. This is 
observed experimentally. On the other hand, if a 
stronger reductant, such as tetrahydroborate is used, 
the method should no longer work. This was also 
confirmed experimentally. Thus, the indirect method 
for the determination of iodide by atomic-absorption 
spectrometry relies on the use of tin(D) as reductant. 

Atomic-absorption measurements 

For the indirect method a home-made mercury 
vapour generation system was found to be more 
suitable than the commercial system available 
(Perkin-Elmer MHS 10). Efficient mixing of the 
solution and flushing of mercury into the atomic- 
absorption cell was achieved by using a relatively 
high flow-rate of argon through the system. The 
optimal concentration of tin(I1) was found to be 
1-5mM; at higher concentrations the decrease in the 
mercury signal as a function of the iodide concen- 
tration was less marked. 

The acidity of the sample solution was adjusted to 
2.3M in perchloric acid. The mercury generation was 
less efficient at higher concentrations of perchloric 
acid, although generally a high acidity improves the 
sensitivity of the method. 3*4 The choice of acid is not 
critical. Perchloric acid was mostly used in this work, 
to avoid possible interference from the redox proper- 
ties of the anion of the acid used, but we obtained 
similar results with nitric acid, which was the acid 
used in previous studies. Hydrochloric and sulphuric 
acids are apparently less suitable for the indirect 
method.4 

From Fig. 2, curve A, it can be seen that the 
method gives a non-linear calibration curve, although 
it has a middle part which is almost linear. The first, 
almost horizontal part of the curve determines the 
detection limit of the method. 

Oxidation state of the iodine 

The effect of the oxidation state of the iodine was 
studied by recording calibration curves for iodide, 
iodine and iodate standards. The three curves are 
shown in Fig. 2. The standard deviation of each point 
was cu. 0.002 absorbance. It can be seen that the 
method responds differently towards the three iodine 
species. The reason is that iodine and iodate must 
first be reduced to iodide by the added tin(II), before 
complex formation with mercury(I1) can occur. 
Because of the differences in sensitivity illustrated 
in Fig. 2, the iodine should be present in a single 
oxidation state in the sample solution prior to the 
analysis, and the calibration curve must be prepared 
by use of this particular iodine species. Therefore, the 
suggestion by some authors3” that the calibration 
curve can be prepared from either iodide or iodate 
salts is not justified for our present experimental 
conditions. However, the effect of the oxidation state 
of iodine will be less marked when the sample is 
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I I I I 
0 1 2 
Concentration of iodine species (pM ) 

Fig. 2. Calibration curves for I- (A), IO; (B) and I,(C). For 
I, the molar concentrations were half the values indicated. 
The concentrations of Hg(II) and Sn(II) were 0.04/& and 

6mM, respectively. 

acidified with nitric acid instead of perchloric acid, 
since iodide would be oxidized to iodine by the acid. 
In our method the calibration curve is prepared from 
potassium iodide. 

The different sensitivities obtained for the three 
iodine species allowed a check for the absence of 
iodine and iodate after the sample decomposition. To 
this end, sodium tetrahydroborate was added to the 
digest, to reduce any iodine and iodate present. The 
added tetrahydroborate was decomposed by acid 
prior to the addition of mercury(II), to prevent it 
from interfering with the subsequent measurements. 
The treatment with tetrahydroborate was found to 
have no effect on the results. This indicates that all 
the iodine had been converted into iodide during 
the fusion process, which is interesting, because of 
the oxidizing conditions during the decomposition. 
Iodide is probably stabilized as sodium iodide during 
the fusion process. 

Evaluation of results for seaweed 

The seaweed sample was found to contain 0.5 1% 
iodine. The relative standard deviation of the method 
was 24%. Multiple digestions were performed, and 
multiple parallel analyses made for each digested 
sample. To check the accuracy of the method, the 
seaweed sample was also analysed by the instrumen- 
tal neutron-activation method.‘r A value of 0.50% 
was obtained by this method, with a relative standard 
deviation of 2.8%. The good agreement between the 
two methods indicates that sodium hydroxide can be 
used successfully for the decomposition of seaweed 
without loss of iodine, when the procedure outlined 
in this work is followed. This is interesting, because 
iodine losses have been reported when sodium hy- 
droxide was used for other biological matrices.4S5 

Potassium hydroxide was found to be equally useful, 
but apparently the decomposition is less complete 
with this reagent. The results show that a final 
temperature of 480” is sufficient for oxidizing the 
organic material in the sample, when the temperature 
is increased gradually. The total time needed for the 
decomposition was greatly reduced by adding the 
sodium hydroxide as the powdered solid instead of as 
a solution. Ayiannidis and Voulgaropoulos’ found 
that the decomposition with potassium hydroxide 
was only satisfactory when potassium chloride was 
also added to the sample in relatively high concen- 
tration, to minimize iodide adsorption. The seaweed 
analysed here contained 8.5% chloride, so there was 
no need for any addition of chloride in this work. In 
spite of the oxidizing conditions, the iodine will be 
present as iodide in the final ash. The response of the 
indirect atomic-absorption method was found to 
depend on the oxidation state of the iodine, and the 
calibration curve must therefore be prepared from 
iodide solutions. 

Analysis of table salt 

It has been claimed that chloride does not interfere 
in this indirect atomic-absorption method.3 However, 
we found that the shape of the calibration curve 
depended on the concentration of chloride in the 
sample solution. The effect of a large excess of 
chloride is illustrated in Fig. 3, which shows the 
calibration curves in the presence of 0.01 and O.lSM 
chloride, respectively. The concentration of tin(I1) 
was 4.4mM in these experiments. The effect of chlor- 
ide was less pronounced when a lower concentration 
of tin(H) was used. Thus, a calibration curve similar 
to Fig. 3A was obtained for 0.15M chloride, when the 
concentration of tin(I1) was 1mM. In general, the 
effect of iodide on the mercury generation be- 
came more pronounced when the concentration of 
reductant was decreased. 

The iodinated table salt analysed had a declared 
content of 5 ppm iodide. The molar ratio of chloride 
to iodide was therefore 4 x 10’. When 2 g of this salt 

1 I I I I 
0 0.2 0.4 0.6 0.8 

Concentration of I- (PM 1 
Fig. 3. The effect of choride on the calibration curve. The 
concentration of chloride was O.OlM in curve A, and O.lSM 
in curve B. The concentrations of Hg(II) and Sn(II) were 

0.04pM and 4.4mM, respectively. 
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was dissolved to give 250 ml of solution, the resulting 
concentrations of chloride and iodide were ca. 0.14M 
and 0.3@l4, respectively. Accordingly, iodide could 
be determined in iodinated table salt, provided that 
the concentration of tin(I1) was lmM, and that the 
calibration curve was prepared from standard solu- 
tions with the same concentration of chloride as the 
sample solution. In this work non-iodinated table salt 
from the same manufacturer was used for preparing 
the calibration curve. This allowed us to determine 
the amount of iodide added in the iodinated salt, 
which should correspond to the value declared by the 
manufacturer (the declared content did not include 
the iodide originally present in the salt). The amount 
of iodide obtained in this way was 4.9 ppm, which 
was close to the declared content of 5 ppm. 
The relative standard deviation of the results for eight 
2-g samples of two different batches of the salt 
was 10.2%, whereas replicate analyses of each 2-g 
sample gave a relative standard deviation of ca. 2%, 
indicating that the iodide was somewhat inhomo- 
geneously distributed in the table salt. 

The content of iodide in non-iodinated table salt 
could not be determined by the present method, 
owing to the interference from chloride. According to 
Malvano ef al.,’ common salt contains from 0.06 to 
1.1 ppm iodide. 
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Btmmrary-The determination of zirconium in the range 0.01-0.20% is required for some special alloy 
steels. A method has been developed, based on initial removal of iron as its chloro-complex by extraction 
with methyl isobutyl ketone, followed by further extraction after addition of potassium thiocyanate, and 
determination of the zirconium left in the aqueous phase, with Arsenaxo III. The absorbance is measured 
at 665 nm. 

Zirconium is added to steels, in the range 
0.014X20%, as a deoxidizer and a scavenger for 
nitrogen and sulphur.’ The ASTM gravimetric 
method is based on initial precipitation of zirconium 
as cupferronate, followed by final weighing as the 
phosphate.2 This is laborious and cannot be easily 
adopted for low concentrations of zirconium. Alter- 
natively, zirconium can be determined spectro- 
graphically.’ 

Of the calorimetric reagents, pyridoxyl salic- 
yloylhydrazone and Arsenazo III have been used for 
the ~te~ination of zirconium in steels.” Many ions 
interfere in the first case. In the second, where 
zirconium is first extracted with trioctylphosphine 
oxide (TOPO), the reproducibility is poor unless the 
experimental conditions are very closely adhered to. 
The method described here tries to overcome many 
potential interferences by the addition of potassium 
thiocyanate and extraction of the thiocyanate 
compfexes into methyl isobutyl ketone (MIBK) prior 
to spectrophotometric determination of zirconium 
with Arsenazo III. 

EXP~~E~AL 

Reagents 
Standard zirconium solution (Spgglml). Dissolve 3.532 g of 

&cony1 chloride octahydrate and make up to 1 litre with 
6A4 hydrochloric acid, Standardize the solution by pm&pi- 
tating zirconium hydroxide and igniting it to the oxide. 
Dilute the solution with 6M hydrochloric acid to give a 
concentration of 5 &ml. Prepare this working solution 
when required. 

Stand&-d rno~b~n~ solution (1 mglmi). Dissolve 0.2521 
a of sodium molybdate dibydrate and make up to 100 ml 
with 6h4 hydrochloric acid.- 

Stanakrd tungsten solution 11 malml1. Dissolve 0.1794 g of 
sodium tungssta~e dihydrate and make-up to 100 ml withA 
hydrochloric acid. 

Stan&d titanium solution (I mgjml), Fuse 0.1664 g of 
ignited titanium oxide with 2 g of potastium bisulphate. 
Cool and take up the melt in hydrochloric acid. precipitate 
titanium hydroxide, filter it off and wash it with ammonium 
chloride solution. Dissolve the precipitate in hydrochloric 

acid, repeat the precipitation, and finally dissolve the 
hydroxide and make up to 100 ml with 6M hydrochloric 
acid. 

Stud soiutio~ of niobium (20 ~glrnl) in an iron-free 
steet-matrix. Dissolve 0.2 g of BCS steel 467 (Nb 1.06%) in 
10 ml of concentrated hydrochloric acid and 1 ml of 
concentrated nitric acid. Evaporate the solution nearly to 
dryness on a boiling water-bath, add 10 ml of concentrated 
hydrochloric acid and evaporate to dryness. Repeat the 
addition and evaporation of hydrochloric acid, until all the 
nitrates are converted into chlorides. Take up the residue in 
50 ml of 6A4 hydrochloric acid containing 1 g of tartaric 
acid. Transfer the solution to a 250-ml separating fimnei and 
extract with two 50-ml portions of MIBK. Collect the 
aqueous layer in a 100~ml standard flask and make up to 
volume with 6M hydrochloric acid. 

Arsenazo III solution. Dissolve 0.25-g of Arsenazo III 
[2,2’-(1,8-dihydroxy-3,6-disufphonaphthalene-2,7-diazodi- 
~n~n~sonic acid] in 95 ml of water containing 300 mg 
of anhydrous sodium carbonate, adjust the pH to 4.0 + 0.1 
with 6M hydrochloric acid and make up to 100 ml. 

Procedures 
Deter~tion of Zr in steels. We@ 1 g of sample and 

dissolve it in 25 ml of concentrated hydrochloric acid with 
the addition of a few drops of concentrated nitric acid. 
Evaporate the solution to dryness. Add 10 ml of concen- 
trated hydrochloric acid and evaporate it. Repeat this 
operation twice. Take up the residue in 10 ml of 6M 
hydrochloric acid. Filter off the residue on a Whatman No. 
540 paper with a little pulp and wash it with 6M hydro- 
chloric acid. Transfer the filtrate and washings to a 200-ml 
separating funnel, rinsing with small portions of 6&# hydro- 
chloric acid. Adjust the volume to 50 ml with the same acid. 
Extract with two 50-ml portions of MIBK, rejecting the 
organic phase. Add 5 g of potassium thiocyanate dissolved 
in 6M hydrochloric acid and extract once more with 50 ml 
of MIBK. Transfer the aqueous phase to a lOO-ml standard 
itask and make up to volume with 6M hydrmoric acid. 
Transfer an aliquot containing 5-20 fig of zirconium to a 
SO-ml standardkask. Dilute 6 appro~mately 40 ml with 
6M hydrochloric acid. add 1 ml of Arsenazo III solution 
and make up to volume. After 5 min measure the absorb- 
ance at 665 nm. Run a blank determination, using the same 
reagents and procedure, except for the sample. Read the 
zirconium content from the calibration curve. 

Calibration curoe. Take portions of standard zirconium 
solution equivalent to 0, 5, lo,15 and 20 fig of Zr, in SO-ml 
standard flasks, dilute each to approximately 40 ml with 6M 
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Table 1. Error caused by interfering elements in the deter- 
mination of 5 fig of zirconium 

Interfering Quantity Absorbance 
elements added at 665 nm 

- - 0.133 
MO 0.5-2.0 mg 0.133 
Ti 0.1-0.4 mg 0.134 
W 0.1-0.4 mg 0.134 
Nb 2&50 pg 0.134 
Nb 100 fig 0.143 
Nb 200 l.lg 0.148 

Mo+Nb 2mg+5Opg 0.133 
W+Nb 0.4 mg + 50 j4g 0.122 
Ti+Nb 0.4 mg + 50 j.4g 0.128 
Mo+W 2.0 mg + 0.4 mg 0.133 
Mo+Ti 2.0 mg + 0.4 mg 0.133 
Ti + W 0.4 mg + 0.4 mg 0.133 

MO + W + Ti 2.0 mg + 0.4 mg + 0.4 mg 0.133 
Mo+Ti+ 2.0 mg + 0.4 mg + 

W+Nb 0.4 mg + 50 fig 
0.115 

hydrochloric acid, add 1 ml of Arsenazo III solution, dilute 
to volume and measure as above. 

Recovery of zirconium 

It was thought possible that loss of zirconium could occur 
during the MIBK extraction, by entrainment of aqueous 
phase. This was examined by adding 9sZr-9~~ tracer to a 
solution of BCS 332 standard steel, applying the extraction 
procedure, combining all the organic p-h&es-and measuring 
the 9JZr activitv at 724.2 lceV with a Ge(Li) detector. The 
activity in the organic phase was found to be about 0.4% 
of the initial activity, so the loss of zirconium is negligible 
at the levels used. 

RESULTS AND DISCUSSION 

Interferences 

The elements which are found to interfere in 
the Arsenazo III method for zirconium are iron, 
molybdenum, niobium, titanium and tungsten. Iron 
can be quantitatively removed as the chloro-complex, 
by extraction with MIBK. In earlier methods the 
extraction was done with diethyl ether and residual 
traces of Fe(II1) were reduced to Fe(I1) with a precise 
amount of ascorbic acid (as excess causes serious 
interference). In the present case, there is no need to 
add any reducing agent after the extraction with 
MIBK. 

The other interfering elements were examined by 
adding them to a solution of 1 g of standard steel 
BCS 332 (which does not contain Zr, Nb, MO, W, Ti) 
in 6M hydrochloric acid. After extraction twice with 
MIBK, the aqueous phase was made up to 100 ml 
with 6M hydrochloric acid. Aliquots were taken, and 
different quantities of interfering element (MO, Nb, 
Ti, W) were added along with a known quantity of 
Zr, followed by Arsenazo III, the acidity being 
maintained at 6M hydrochloric acid. 

MO, Nb, Ti and W were found to cause serious 
interference. All four are known to form thiocyanate 

Table 2. Analysis of steels 

Zirconium, % 

Standard Certified Spectrographic Present 
steel value value method 

DMRL M-5 0.150 0.150 
M-10 co.01 0.0005 
M-12 0.045 0.048 
M-13 0.100 0.114 
M-14 0.250 0.280 
M-15 0.035 0.036 

BCS 459/l 0.072 0.070 
G/2 0.13 0.13 

complexes6 which are extractable into MIBK.’ Hence 
the method was modified by inclusion of addition of 
potassium thiocyanate and extraction with MIBK. 
The results given in Table 1 show that MO, Ti and W 
can be tolerated individually or in combination up to 
a few mg. Nb can be tolerated only up to 50 pg in 
the aliquot taken, when present alone or in combina- 
tion with MO. However, in combination with Ti or 
W, Nb interferes even at the 50 pg level. 

Application 

The method was applied to a number of Defence 
Metallurgical Research Laboratory (DMRL) low- 
alloy steel standards and also to two BCS standards; 
459/l (Carbon steel) and G/2 (Standard steel). The 
values obtained were compared with the spectro- 
graphic values for the low-alloy steels and the 
certified values for the BCS standards, and found 
satisfactory. Standard additions of Zr were made to 
one of the solutions of the steel standards, along with 
MO, Ti and W. The recovery was greater than 95%. 
The coefficient of variation for 5 pg of Zr was 7%. 
In conclusion, the method is reasonably simple and 
involves clean separations by solvent extraction in- 
stead of the cumbersome cupferron and phosphate 
precipitation. The sensitivity of the method is high 
enough for traces of Zr to be determinable. The 
accuracy and precision are reasonable. A set of six 
determinations takes about 6 hr. 
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Sm--Radiotracer experiments confirm that neutral carrier ion-selective electrodes made from 
plasticized PVC are low-capacity selective ion-exchangers. The ion-exchange selectivity is closely 
correlated to ~tentiomet~c selectivity. 

Neutral carrier ion-selective electrodes (IS&) are 
widely used in analytic chemistry. The best known 
applications are in the clinical and biochemical field, 
where blood and urine electrolytes, e.g., sodium, 
potassium and calcium, are routinely determined by 
means of neutral carrier ISES.‘*~ 

Electrode membranes are usually cast from a tetra- 
hydrofuran solution of poly(viny1 chloride) (PVC), 
plasticizer and neutral carrier. A typical w/w com- 
position would be 33% PVC, 66% plasticizer and 1% 
neutral carrier. 

Neutral carrier ISEs usually give Nemstian re- 
sponse to the measurable ions. Their selectivity is 
mainly determined by the choice of neutral carrier, 
e.g., valinomycin makes the electrodes highly 
selective for potassium relative to sodium and many 
other ions. 

A formidable task for el~troanal~~ chemists 
has been to elucidate the m~hanism of the selective 
potentiometric hehaviour of neutral carrier ISEs. It 
is believed that the carrier (or a pair of carrier 
molecules) traps the cation to be measured, by 
co-ordinating el~tron-~ch groups to it. The hydro- 
phobic groups remain on the outer side of the 
complex, and thus the whole complex can be solvated 
by the organic phase. 

The con~nt~tion of primary ions trapped in the 
membrane by carrier molecules can be measured by 
radiotracer techniques. 3c A membrane with a valino- 
my& concentration of lW2M has been found to trap 
potassium at a concentration of about 5 x 10T4M 
from a 10-3M aqueous solution of potassium chlor- 
ide. It was observed, however, that chloride ions were 
not exchanged at all between the membrane and 
the bathing solution, so it was concluded that the 
membrane behaved as a cation~xchanger. 

The idea that neutral carrier ISEs are in fact 
selective Iow+apacity ion-exchangers was proposed a 
long time ago by Kedem et uL5 Sufficient experi- 
mental evidence with respect to PVC-based mem- 
branes has been lacking, however. The purpose of the 
present work is to provide that evidence. Two aspects 

of ion-exchange have been investigated: the non- 
dependence of the ion-exchange capacity on the 
salt concentration in the bathing solution, and the 
selectivity of ion-exchange. 

The radiotracer method was used. A thorough 
study of liquid ion~xchanger type ion-selective elec- 
trodes has been made by this method,6-10 whereas 
similar studies related to neutral carrier membranes 
have been less extensive. It has been shown” that the 
latter type of membrane can exchange cations with 
the bathing solution, while anion-exch~ge is almost 
negligible. There have been no data presented for 
these membranes, however, to show whether the 
ion-exchange capacity is dependent on the solution 
con~ntration or not. Ion~xchanSe selectivity due to 
the presence of the neutral carrier has not been shown 
experimentally either. 

EXPERIM~~ 

Plasticized PVC membranes were made as described by 
Craggs er at.” They contained 0.5% valinomycin (Fluka), 
33% PVC (Corvic S 704, from ICI) and 66.5% 
bi~2-et~ylhexyl) sebacate (Fluka). Disks 17 mm in diameter 
were cut from the 0.2-0.3 mm thick membranes. All other 
chemicals were analytical grade. Water was doubly distilled 
in fused silica apparatus. 

L27CsCl tracer solutions were obtained by dilution of a 
10-*M solution of 0.32 MRq/l. activity. Beta radiation was 
detected with an ND 304 scintillation detector (Gamma 
Works, Hungary) attached to an NK 225’8 counter (KFKI, 
Hungary). The measured counts were corrected for the 
elf-adoption of the membranes, which was determined 
ex~~me~taily by covering an active sample with an inactive 
membrane. 

To study the ion-exchange behaviour of the membranes, 
individual membranes were soaked in the radioactive bath- 
ing solution held in a plastic container. The mdioactivity of 
the membranes was checked from time to time until no more 
change oaurred (this usually took two days of soaking), 
Activity measurements had to be made with dry mem- 
branes. Therefore the membranes were quickly washed with 
distilled water and dried on ftfter paper before counting. 

Ion-exchange capacity was expressed as the number of 
moles of caesium taken up by 1 kg of membrane material. 
This is approximately equal to the molar concentration, 
be-cause the membrane density is very close to 1 kg/l. 
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Membranes identical in composition to those used in this 
study have also been used in ISEs. The response to caesium 
chloride solutions was close to Nernstian and the selectivity 
for potassium relative to caesium was quite low (log 
KI;I’c, = -0.3). 

RESULTS AND DISCUSSION 

km -exchange capacity 

The membranes studied show a marked uptake of 
caesium from caesium chloride solution. To show 
that this uptake is due to ion-exchange we have 
determined the caesium uptake from a wide concen- 
tration range of bathing solutions, 10-5-10-2M. Ion- 
exchange materials are expected to have a constant 
exchange capacity over a wide concentration range. 
Figure 1 shows that the caesium uptake changes only 
very slowly with the caesium chloride concentration 
in the bathing solution. It changes by a factor of only 
3 when the concentration of the bathing solution is 
changed by three orders of magnitude. This behav- 
iour is not exactly what is expected from an ideal 
ion-exchanger but it is very close to it. The increase 
in capacity at high solution concentration may be 
attributed to breakdown of Donnan equilibrium.L2 
The decrease in capacity at low solution concen- 
tration might be connected with the detection limit of 
the electrodes, which is between 10e5 and 10e6M 
caesium chloride. 

From earlier results) and those shown above it can 
be accepted that the neutral carrier ISE membrane is 
a low-capacity ion-exchanger. In a related recent 
work” it was shown that simple inorganic salts 
incorporated into plasticized PVC membranes can 
turn them into low-capacity ion-exchangers. It is 
believed that the ion-exchange behaviour found in 
this work can be attributed to ionizable contaminants 
in the membranes. Evidence for such contamination 
in the chemicals normally used for ISE membrane 
preparation is available. I4 The mechanism by which 
the ionizable contaminants work as ion-exchangers 
has not yet been clarified. 

The data shown in Fig. 1 were obtained with a 
single membrane. Curves obtained with four other 

-s -2 

Log CC83 (MI 

Fig. 1. Cs+ uptake of valinomycin containing plasticized 
PVC membrane in different concentrations of CsCl soaking 

solution. 

Fig. 2. Time dependence of Cs uptake of a valinomycin 
containing plasticized PVC membrane. 

membranes were similar in character but the actual 
ion-exchanger capacities (at lo-‘M caesium chloride 
concentration) varied by a factor of 2.5. This again 
may be attributed to the ion-exchange capacity being 
due to uncontrolled contamination. The radiotracer 
measurements of the ion-exchange capacity cannot be 
blamed for the ObSeNed wide variation of the results. 
This has been proved by measuring the ion-exchange 
capacity of a membrane containing a deliberately 
added contaminating exchanger, potassium tetrakis- 
(p-chloropheny1)borat.e. The estimate by the radio- 
tracer method (2.43 x 10m3M) agreed fairly well with 
the true value of 2.56 x 10e3M. 

The rate of uptake of labelled Cs by a membrane 
is shown in Fig. 2. The linear relation to the square 
root of the time indicates a diffusion process. 

Zon -exchange selectivity 

Once it had been shown that neutral carrier ISE 
membranes are low-capacity ion-exchangers, it was 
of much interest to prove that they are also selective, 
and that their ion-exchange selectivity is closely re- 
lated to their potentiometric selectivity. 

Ion-exchange selectivity can be tested in a number 
of ways. We have adopted here a very simple test. A 
membrane was soaked in an aqueous solution con- 
taining equal molar concentrations of caesium 
chloride and another metal chloride, MCI. If the 
ion-exchange is non-selective, then half the exchange 
sites will be occupied by caesium and the other half 
by M ions. This means that the uptake of caesium will 
be only 50% of the caesium uptake from a pure 
caesium chloride solution, If caesium is preferred by 
the ion-exchanger then the apparent ion-exchange 
capacity for caesium will be more than 50% of that 
for a pure caesium solution; if the ion M is preferred 
it will be less than 50%. 

Table 1 shows the measured apparent exchange 
capacity for caesium as a fraction of the total capac- 
ity. Three cations have been tested for ion-exchange 
selectivity: potassium, ammonium and sodium. Po- 
tentiometric selectivity coefficients for these ions are 
also shown in Table 1. It is seen that the valinomycin- 
containing membrane is a selective ion-exchanger. It 
prefers potassium to caesium on the one hand, and 
caesium to ammonium and sodium on the other. In 
fact the table also shows that the ion-exchange select- 
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Table 1. Apparent caesium exchange capacity in mixed 
solutions of chloride salts 

MCI 

KC1 

C MCI3 GCI~ 
mM mM Exchange %* log K!$, 

1 1 41.9 0.3 
NH&l 1 1 86.3 -1.63 
NaCl 0.1 0.1 100 -2.53 

*Exchange % is the apparent exchange capacity for cae- 
sium, determined by the radioactive tracer method in a 
mixed salt solution, expressed as a percentage of the 
total exchange capacity found with pure CsCl solution. 

ivity for caesium relative to ammonium is less than 
that for caesium relative to sodium. All this is in good 
agreement with the potentiometric selectivities. 

Work in progress indicates that ISE membranes 
with different neutral carriers and with or without 
deliberately added ion-exchangers such as sodium 
tetraphenylborate are selective ion-exchangers and 
their ion-exchanger selectivity constant is equal to the 
potentiometric selectivity coefficient. 

Conclusion 

It has been confirmed that the widely used neutral 
carrier ISE made from valinomycin and plasticized 
PVC is a low-capacity selective ion-exchanger. The 
capacity is about 10m4A4. The ion-exchange selectivity 
closely parallels the potentiometric selectivity. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 
11. 

12. 

13. 

14. 

REFERENCES 

D. Ammann, W. E. Morf, P. Anker, P. C. Meier, 
E. Pretsch and W. Simon, ion-Selective Electrode Rev., 
1983, 5, 3. 
P. Oggenfuss, W. E. Morf, U. Oesch, D. Ammann, 
E. Pretsch and W. Simon, Anal. Chim. Acta, 1986, 180, 
299. 
A. P. Thoma, A. Viviani-Nauer, S. Arvanitis, W. E. 
Morf and W. Simon, Anal. Chem., 1977, 49, 1567. 
W. E. Morf, The Principles of Ion-Selective Electrodes 
and of Membrane Transport, Elsevier, Amsterdam, 
1981. 
0. Kedcm, M. Perry and R. Bloch, IUPAC Intern. 
Symp. on Selective ion-sensitive Electrodes, CarditT, 
1973, Paper 44. 
A. Craggs, G. J. Moody, J. D. R. Thomas and 
A. Willcox, Talanta, 1976, 23, 799. 
A. M. Y. Jaber, G. J. Moody, J. D. R. Thomas and 
A. Willcox, ibid., 1977, 24, 655. 
A. Craggs, B. Doyle, S. K. A. G. Hassan, G. J. Moody 
and J. D. R. Thomas, ibid., 1980, 27, 277. 
B. Doyle, G. J. Moody and J. D. R. Thomas, ibid., 1982, 
29, 251. 
I&m, ibid. 1982, 29, 609. 
A. Craggs, G. J. Moody and J. D. R. Thomas, J. Chem. 
Educ., 1914, 51, 541. 
J. Incx&ly, Analytical Applications of Ion Exchangers, 
AkadCmiai Kiado, Budapest, 1966. 
G. Horvai, V. Horvath, A. Farkas and E. Pungor, Anal. 
L&t., in the press. 
E. Lindner, E. Graf, Zs. Niegreisz, K. T&h, E. Pungor 
and R. P. Buck, Anal. Chem., 1988, 60, 295. 



Talama, Vol. 36, No. 3, pp. 406408, 1989 
Printed in Great Britain. All rights reserved 

0039-9140/89 $3.00 + 0.00 
Copyright 0 1989 Pergamon Press plc 

ION-PAIR EXTRACTION OF Co(I1) BY CROWN ETHERS 
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Summnq-The extraction of cobalt(H) by chloroform solutions of the crown ethers (CE) 12C4, 15C5, 
18C6, Dbl8C6, Dchl8C6 or Dch24C8 from aqueous perchlorate medium was investigated. Slope analysis 
of the experimental data suggested that the extraction of Co(I1) by these CEs takes place through ion-pair 
formation, and that the chemical formula of the main extracted species is Co(OH)+ClO; .CE. The 
magnitudes of the extraction constants are in the sequence 18C6 > Dchl8C6 > Dch24C8 > Dbl8C6 > 
15C5 > 12C4, which is discussed in terms of the correspondence between the CE cavity size and the ionic 
radius of cobalt(I1). 

Crown ethers (CE) have been used for the extraction 
of univalent ions by ion-pair or adduct formation.‘4 
The cavity size of the crown ether plays a main role 
in the extraction; in many cases the metal ions are 
most easily extracted when there is a match in size 
between the metal ion and the cavity of the CE. This 
concept was found not to apply’ when cobalt(I1) was 
extracted synergically by crown ethers together with 
thenoyltrifluoroacetone. In this case, the stability of 
the extracted species increased with increase in the 
basicity of the crown ether used and the number of 
oxygen donor atoms. The present work aims to 
investigate the extraction of cobalt(I1) by crown 
ethers alone from aqueous perchlorate medium and 
to find the effect of the cavity size of the CEs on the 
extraction constant. 

EXPERIMENTAL 

Materials RESULTS AND DISCLJSSlON 

The crown ethers 1,4,7,10-tetraoxacyclododecane (12C4), 
1,4,7,10,13-pentaoxacyclopentadecane (ISCS), 1,4,7,10,13,16- 
hexaoxacyclo-octadecane (18C6), 2,5,8,15,18,21-hexaoxatri- 
cyclo(20,4,0,0)hexacosane (Dchl8C6), 2,3,11,12dibenxo- 
1,4,7,10,13,16-hexaoxacyclo-octadeca-2,1 I-diene (Dbl8C6) 
and 2,5,8,11,18,21,24,27-octaoxatricyc1o(26,4,0,0)dotriacon- 
tane (Dch24C8) were Fluka products and used without 
purification. All the other reagents used were of analytical 
purity grade and obtained from BDH and Merck. Cobalt-60 
was prepared locally by neutron activition of analytical 
grade cobalt carbonate. 

The different factors (f) affecting the extraction of 
Co(I1) by the six CEs tested were investigated and 
presented as log D us. log f relationships, Figs. l-3. 
Slope analysiP gave slopes of - 1 for the de- 
pendence on hydrogen-ion concentration, + 1 for the 
dependence on CE concentration and + 1 for the 
dependence on perchlorate concentration, for all the 
crown ethers investigated. 

Procedure 

The aqueous phase was an acetate buffer solution having 
constant ionic strength of 0.1 (I-I+, NaClO,) and the pH was 
changed by varying the acetic acid-sodium acetate ratio. 
The metal concentration in the aqueous phase was less than 
lo-sM Co(H) tracer. The organic phase was chloroform 
containing a known concentration of the crown ether being 
used. 

On the basis of this information, as well as the 
experimental conditions used (which justify assump 
tion of the presence of [CO(OH)]+),~ the extraction 
equilibrium can be represented as 

CO’+ + Hz0 + ClOi + CE 

+ Co(OH)+ *(ClO;).CE + H+ 

Equal volumes (7 ml) of the aqueous and organic phases 
(each pmaaturated with the solvent medium of the other) 
were mixed and shaken for 25 min at 25 f 1”. The concen- 
tration of the cobalt species in the two phases was assayed 
radiometrically with a gamma-counting system of a well- 
type NaI(Tl) detector and an Ortec single-channel analyser. 

The distribution ratio (0) was determined by using the 
general equation; 

D,Ky 
AV 

where .? and A refer to the activities in the organic and 
aqueous phases, respectively, and V and F arc the aqueous 
and organic volmnea. 

For lower metal distribution ratios, the counting 
technique was adjusted by increasing the volume and 
counting time of the organic phase, as well as the number 
of determinations, to minimize the statistical error in the 
counting to < *2%. 
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Fig. 1. Effect of the hydrogen-ion concentration on the 
extraction of Co(H) by crown ethers (0.05M) in chloroform 
from perchbrate aqueous media at constant ionic strength 

0.1 (H+, NaCIO,). 

with an extraction constant (F&) given by 

where 

D = [Co(OH+)*ClO;*CE] 

[co*+] 

and the barred symbols refer to the organic phase. 
The lu, values calculated for the different CEs are 

given in Table 1, together with the cavity diameter of 
the crown ether used.*O 

The sequence of & values obtained, as related 
to the CEs investigated, is 18C6 > Dch18C6 > 
Dch24CS > Dbl8C6 > 15C5 > 12C4. This sequence 
indicates that the cavity size of the CEs plays the 
main role in the extraction, the highest extraction 
of cobalt being achieved with Dchl8C6 and 18C6 
(cavity diameter 2.6-3.2 A). 

Lower extraction constants were obtained for the 
smaller cavity crown ethers 12C4 and 15C5 (1.2-1.5 
and 1.7-2.2 A) and the larger cavity crown ether 
Dch24C8 (4.~5.6A). This trend is different from 
that previously reported by us’ for extraction of 
cobalt(I1) as an adduct of its thenoyltrifluoroacetone 
(HTTA) complex with these CEs, where the extrac- 
tion constants increased with increase in the number 

10-l a 16C6 
A Dchl6C6 
o Dch24C6 
l Dbl6C6 J 

10-3 L 
I 

I I I L 

lo-2 10-l 1 

Crown ether concentration (M) 

Fig. 2. Effect of crown ether ~n~ntration in ~hiorofo~ on 
the extraction of Co(I1) from perchlorate aqueous medium 
at constant ionic strength 0.1 (H+, NaCIO,) and pH 5.2. 

of oxygen donor atoms in the CE. Therefore, it might 
be concluded that when cobalt is extracted as an 
ion-pair, Co(OH)+ *CE*ClO; , the cavity size of the 
CE is a main factor in the extraction of the metal 
ion,Id whereas when the extraction takes place 
through adduct formation, Co(TTA), * CE, the CE 
acts mainly as an electron-donor ligand and its cavity 

1 

;; 

0 Id 
._ 

5 
g 
‘3 
2 
‘f 10-z 
5; 
6 

$0-3 
m-2 lo-’ 1 10 

Sodium perchlorate concentration (Ml 

Fig. 3. E&t of sodium perchlorate concentration on the 
extraction of Co(U) by crown ethers (0.0Z.M) in chloroform 

from aqueous perchlorate media at pH 5.2. 

Table 1. Extraction of Co(I1) by different crown ethers in chloroform from 
aqueous perchlorate medium at constant ionic strength, 0.1 (H+, NaClO,) 

and pH 5.2 (acetate buffer) 

Extraction 
Species extracted 

Co(OH) +, ClOr + 12C4 
CofOH)+ *ClOi * 15Cf 
Co(OH)+ *CIOi *Db18C6 
Co(OH)+ * ClOi * Dch24C8 
Co(OH)+ *ClOi *Dch18C6 
Co(OH) + 4 ClOi m 18C6 

constant 
Cavity djuneter, 

(4.16*0.11)x 10-s 1.2-1.5 
(4.92 f 0.13) x 10-e 1.7-2.2 
(656 f 0.16) x 10+ 2.6-3.2 
(7.07 f 0.15) x 10-e 4.5-5.6 
(7.57 f 0.19) x 10-e 2.6-3.2 

(10.73 f 0.24) x 10-e 2.6-3.2 
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size is of minor importance. However, the extraction 
constant for the Db18C6 ion pair seems anomalous, 
since Dbl8C6 has the same cavity size as Dch18C6 
and 18C6. This decrease in &;, for cobalt, in the order 
18C6 > Dch18C6 > Db18C6, can be explained in 
terms of the electron-withdrawing and weak electron- 
donating abilities of the dibenzo and dicyclohexyl 
substituents, respectively, which affect the basic 
character of the adjacent crown-ether oxygen donor 
atoms.‘~” 
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(Received 3 March 1988. Revised 16 June 1988. Accepted 27 October 1988) 

Summary-The system H+-Na+ has been studied on Sephadex C-25 and C-50 at two ionic strengths by 
potentiometry. The data have been fitted by the Hiigfeldt three-parameter model. For ionic strength 
O.lOOM (Na)ClO, an excellent fit is obtained with a standard deviation of kO.013 for both gels. For ionic 
strength O.OlOM (Na)ClO, a satisfactory fit could only be obtained by excluding the lowest and highest 
pH-value for each gel. 

Recently Miyajima et al.’ studied the neutralization 
of Sephadex gels at two ionic strengths and 298.2 K 
in order to apply an approach reported by 
MarinskyZ-L’ for treating ion-binding in pofy- 
eleetrolyte gels. The data obtained can also be used 
to test a recently developed three-parameter model 
for fitting thermodynamic and other molar properties 
of liquid and solid ion-exchangers.tz-I5 

TREATMENT OF DATA 

Free energy 

The model is applicable to both solid and liquid 
binary mixtures. In the present case it will be applied 
to free energies in the system II+-Na+ on Sephadex 
C-25 and C-50. 

Consider the reaction 

H+ + NaReHR -t Na+ (1) 

where R- is the cation-exchanging group in the gel. 
The equilibrium quotient of reaction (1) is defined 

by 

FWPJa+l Cl- a)lr‘Ja+l 
Ic = [NaR][H+] = arm+] (2) 

where a is the fraction of the gel phase in sodium 
form: 

[NW 
a = [NaR] + [HR] 

(3) 

The concentration of sodium ions in the aqueous 
phase is obtained from 

[Na+] = I- lO-pnc (4) 

where I = ionic strength in the aqueous phase 
and pH, = - logfH+]; [H+] is the hydrogen-ion 
concentration in the ionic medium used, obtained 
by calibrating the glass electrode in terms of [H+] 
instead of using the more or less uncertain estimates 
of proton activity in the actual solution that are 

obtained by calibrating with standard buffers in a 
very different ionic medium. 

It is assumed that the ratio of the activity 
coefficients of the two cations in the aqueous phase 
is kept constant by the ionic medium. This is a fair 
assumption for singly charged ions. According to the 
model 

logrc =logrc(Na)a+logrc(H)(l -a) 

+ Ba(l -a) (5) 

where rc(Na) is the limiting value of K when a = 1 and 
K(H) that for a = 0; B is an empirical constant related 
to the third parameter of the model, K,, by 

log %l = $log K(H) + log ic(Na) + 81 (6) 

The model implies that a binary mixture of com- 
ponents A and B can be regarded as divided into 
three parts, one with the properties of pure A, one 
with the properties of pure B and one with the 
properties of the mixture. The amount of each 
part is given by the number of A-A pairs, B-B pairs 
and A-B pairs in the mixture, assuming random 
dist~bution of the pairs, i.e. Guggenheim’s zeroth 
approximation.i6 

In the present case log rc(Na) and log K(H) refer to 
pure NaR and pure HR, and log K,,, refers to the 
mixture. By integration of equation (5) and use 
of equation (6) the following expression is obtained 
for the integral free energy expressed as a thermo- 
dynamic equilibrium constant, K, 

5 

1 
logK= log icda 

0 

= fpog K(H) + log K(Na) + log rc,J (7) 

Excess of free energy 

The application of the model can be further 
illustrated by calculating the activity coefficients of 
HR and NaR in the gel phase. The concentration 
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scale is the ionic fraction, a. The standard and 
reference states are the pure ionic forms. 

The second degree polynomial, equation (S), can 
also be written as 

logrc=a+ba+ca* (8) 

From this expression, the Gibbs-Duhem equation 
and 

K = K(fHR/fNard (9) 

the following expressions are obtained for the activity 
coefficients: 

logfu,= -iba*-ia3 (10) 

log fNaR = -@(l -a)* (13) 

It deserves to be mentioned that these equations 
(12) and (13) were used by Kielland” to obtain log K 
for systems where log K could be approximated by 
a straight line as a function of 2, the ionic fraction 
used as the independent variable. 

The two expressions (10) and (11) are easily 
obtained from the parameters of the model 
by using a = log K(H); b = 2@og K, - log K(H)]; 

c = log K(Na) i- log K(H) - 2 log K,. 

These expressions are obtained by setting 
equation (5) equal to equation (8) and equation (6) 
to eliminate 8. 

logf,,,= -# +2c)(l -a)*+$(1 -a)3 (11) 

It is interesting to note that for c = 0 (i.e., 
log K = f (a) is a straight line) the activity coefficient RESULTS 

expressions become those for a regular solution. 

log fHR = - $a* 
In Tables 14, experimental and computed 

(12) pH,-values are compared. The latter were obtained 

Table 1. The system H+-Na+ on Sephadex C-25; T = 298.2 K, I = O.lOOM 
CNa)ClO, 

PH, PH, 
a expl. talc. Statistical analysis 

0.100 2.895 2.899 Residual mean = - 2.222 x 10e4 
0.200 3.299 3.314 Mean residual = 0.0189 
0.290 3.605 3.583 Residual sum U = 1.364 x IO-’ squares 
0.390 3.850 3.840 Variance = 1.515 x 1O-4 
0.490 4.08 1 4.078 Standard deviation, s@H,) = f 0.013* 
0.590 4.296 4.311 Skewness = 0.4023 
0.680 4.526 4.532 Kurtosis = 1.894 
0.780 4.800 4.810 Hamilton R-factor = 0.299% 
0.880 5.192 5.179 Weighting factor = 1. w, 

*s@H3 = f dm; n = number of experimental points. 

Table 2. The system H+-Na+ on Sephadex C-50; 7’ = 298.2 K; I = O.lOOM 
MaElO, 

PH, PH, 
a expl. CA. Statistical analysis 

0.080 2.582 2.573 
0.100 2.716 2.693 
0.140 2.893 2.886 
0.180 3.035 3.044 
0.210 3.147 3.150 
0.230 3.188 3.214 
0.260 3.282 3.306 
0.280 3.355 3.364 
0.310 3.435 3.447 
0.350 3.565 3.553 
0.350 3.553 3.553 
0.400 3.680 3.679 
0.450 3.800 3.801 
0.450 3.813 3.801 
0.500 3.911 3.919 
0.540 4.030 4.012 
0.590 4.151 4.129 
0.650 4.265 4.274 
0.710 4443 4.426 
0.710 4.419 4.426 
0.750 4.530 4.534 
0.800 4.680 4.684 
0.850 4.853 4.859 
0.900 5.078 5.082 

Residual mean = - 2.083 x 10e4 
Mean residual = 0.01029 
Residual squares sum = 3.891 x lo-’ 
Variance = 1.621 x lo-’ 
Standard deviation, s(pH,) = f 0.013 
Skewness = 0.07902 
Kurtosis = 2.526 
Hamilton R-factor = 0.333% 
w,= 1 
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from 

Table 3. The system H+-Na+ on Sephadex C-25; T = 298.2 K; I = O.OlOM 
(NaYJO, 

PH, PH, 
a expl. talc. Statistical analysis 

[O. 1020 3.643 3.7861. Residual mean = 0.009 
0.2021 4.155 4.181 Mean residual = 0.03029 
0.2992 4.488 4.464 Residual squares sum = 8.176 x IO-’ 
0.4028 4.764 4.743 Variance = 1.168 x lo-’ 
0.4984 5.019 5.002 Standard deviation, s@H,) = f 0.037 
0.5992 5.277 5.294 Skewness = - 0.5703 
0.7012 5.560 5.623 Kurtosis = 2.163 
0.7994 6.045 6.001 Hamilton R-factor = 0.673% 
[0.9020 7.105 6.538]* w,= 1 

*Data given in parentheses were excluded from the calculation. 

lois fNaR = - (0.313 -O.O6a)(l -a)* (16) 

pH,(calc) = log xcalc - log 
l-u ( > o! - log[Na+] (14) 

Figure 3 emphasizes the fact that the system behaves 
in a rather non-ideal manner because, in terms of the 

Log K~ was computed from equation (5), with the 
model, log K is very different for each part of the 

parameters given in Table 5 and obtained by a 
mixture; log rc(Na) and log K(H) differ by about one 

least-squares fit to the experimental data for log K, a. (see Table 5). 

In Tables 14 some quantities obtained by statistical 
analysis of the residuals are also given. 

In Figs. 1 and 2, experimental and calculated CONCLUDING REMARKS 

log k-values are compared. In Fig. 3 logf,, and 
log fNaR are plotted against a for Sephadex C-25 and 

The excellent fit to the model obtained for 

Z = O.lOOM (Na)ClO.,. From the data in Table 5 the 
Z = O.lOOM over a pH, range of about 3.5 strongly 

following expressions were obtained: 
supports the model. Moreover, it also supports the 
correctness of the Stockholm school definition of 

log fHR = - (0.343 - 0.06a)a2 (15) pH as -log[H+] in the medium used; this has 

Table 4. The system H+-Na+ on Sephadex C-50; T = 298.2 K, I = O.OlOM 
(Na)ClO, 

PH, PH, 
a expl. talc. Statistical analysis 

[OS069 2.963 3.0341* Residual mean = 0.009 
0.1093 3.255 3.292 Mean residual = 0.01525 
0.1560 3.526 3.525 Residual sum = 5.684 squares x lo-) 
0.2033 3.736 3.722 Variance. = 3.555 x lO-4 
0.2519 3.917 3.902 Standard deviation, s(pH,)= f 0.019 
0.3021 4.094 4.069 Skewness = - 0.4117 
0.3504 4.23 1 4.220 Kurtosis = 2.416 
0.4012 4.375 4.368 Hamilton R-factor = 0.411% 
0.4503 4.508 4.506 w, = 1 
0.5015 4.630 4.644 
0.5497 4.776 4.771 
0.6008 4.904 4.906 
0.6504 5.004 5.037 
0.7002 5.151 5.171 
0.7511 5.301 5.317 
0.7990 5.475 5.465 
0.8507 5.683 5.651 
(0.8994 6.035 5.8701. 

*Data given in parentheses were excluded from calculation. 

Table 5. Parameters obtained in the least-squares analysis of experimental data; 
T = 298.2 K 

Sephadex I log K(Na) log K(H) log K, log K s@H,) 

C-25 0.100 3.376 2.780 3.123 3.093 *0.013 
C-25 0.010 3.757 2.710 2.778 3.082 f0.037 
c-50 0.100 3.170 2.557 2.972 2.899 io.013 
c-50 0.010 2.959 2.019 2.189 2.589 *0.019 
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0 0.5 

a 
1.0 

Fig. 1. Log K plotted against a for the system H+-Na+ on 
Sephadex at 298.2 K. The ionic strength in the aque- 
ous phase I = O.lOOM (Na)ClO,. 0 Sephadex C-25; 0 
Sephadex C-50. The curves were calculated from equation 

(5) with the parameters in Table 5. 

been adopted by oceanographers for defining pH in 
sea-water.‘* 

The poorer fit at Z = O.OlOM and the need for 
exclusion of the first and last points in each data set 
is likely to be due to experimental difficulties at 
this lower ionic strength. An important feature 
of the model is that the limiting values log K(H) 
and log K(Na) are obtained from data for which 
the experimental uncertainty is small, i.e., for data 
obtained at around a = 0.5. 

It should be mentioned that an equation equivalent 
to equation (5) has been obtained by Marton and 

Sephadex I - 0.01 

2.5 - 

2.0 
0 

I 

0.5 

a 

I 

1.0 

Fig. 2. Log rc plotted against a for the system H+-Na+ 
on Sephadex at 298.2 K. The ionic strength in the 
aqueous phase I = O.OlOM (Na)ClO,. 0 Sephadex C-25; 
l Sephadex C-50. The curves were calculated from equa- 
tion (5) with the parameters in Table 5. The experimental 
points excluded from calculation are given in parentheses. 

*r 

F -0.2 - 

Saptmdex C-25 

I I I I I 
0 0.2 0.4 0.6 0.6 1.0 

a 

Fig. 3. Log& and log&,, obtained from equations (15) 
and (16) plotted against a for Sephadex C-25 and 

I = O.lOOM (Na)ClO,. 

Inczedy by applying electrolyte theory to the ion- 
exchange process.19 
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STUDIES ON FLUORESCEIN-VI* 

ABSORBANCE OF THE VARIOUS PROTOTROPIC FORMS OF 

YELLOW FLUORESCEIN IN AQUEOUS SOLUTION 
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Department of Chemistry, Iowa State University, Ames, IA 50011, U.S.A. 
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Summary-The absorbance of yellow fluorescein in water, at ionic strength 0.10, as a function of pH at 
437,455,464,475 and 490 nm has been resolved into four components, the absorbances of the individual 
prototropic forms of fluorescein in water. The molar absorptivity of each species at each of the five 
wavelengths is reported. A novel type of isosbestic point is described. 

The preceding paper of this series reported the 
absorbance of purely aqueous solutions of yellow 

fluorescein at ionic strength 0.10 over the pH range 
0.15-8.70 at five different wavelengths, and the 
absorbance at 437 nm was used for calculating the 
molar absorptivity of each of the four fluorescein 
species present. Corresponding calculations and re- 
sults for the measurements at the other wavelengths 
are now reported. 

The calculation is based on the assumptions: (1) 
that four species (the prototropic forms H,Fl+, H,Fl, 
HFl - , Fl*-) and only four are present; (2) that each 
species conforms to the Beer-Lambert law; (3) that 
the system conforms at each wavelength to the 
additivity law 

A &pH =A &IaH3FI +AF;2naH,Fl+A;;naHFi+A;;a, tl) 

Here the A--quantities are the working absorp- 
tivities at a given total concentration of fluorescein, 
the superscript arrows being redundancy markers 
serving as a reminder that these are constants which 
must be evaluated. The a-quantities are the fractions 
of the prototropic forms as calculated from the 
dissociation constants. The symbolism used is that of 
our earlier papers, in which the charges on the 
subscripts have been dropped to avoid confusion. 
Thus, a set of three dissociation constants defines 
the equilibria of the system over the entire pH range, 
and at each wavelength a set of four working 
absorptivities establishes the absorbance. 

For a given set of dissociation constants and a 
constant total concentration throughout, the 
a-values are calculated from 

1 K 
-=1+$+ 

KH,F+&,FI 

aH3FI 
[H+I* + 

KH,,KH,,KHF, 

P-I+]’ 
(2) 

*Part V-H. Diehl and N. Horchak-Morris, Talanta, 1987, 
34, 739. 

(3) 
1 [I-I+] KH, KHFJHFI 

-=- 

aH2FI K &FL 
+l+$j +--- 

W+l* 

1 D-I+]* [H+l+l+K,, 
a,, = KH,FIKH~FI + KH,n W+l 

1 [H’13 W+l* IHCl+ 1 (5) - - 
cl,,= KH,~H,&HPI+KH~F~KHFI + KHEI 

(4) 

For a given set of dissociation constants, a, was 
calculated for each species at the pH of each solution 
measured (Table 2 of the preceding paper). Multiple 
regression was applied to the absorbance at each 
wavelength and the ai values; that is, a four-variable, 
least-squares treatment was applied in accordance 
with equation (1). This regression provided, at each 
wavelength, a set of working absorptivities, from 
which the total absorbance was calculated [equation 
(1) again]. The fit of each calculated absorbance vs. 
pH curve to the observed data was assessed by 
plotting (e.g., Fig. 2), and more accurately by calcu- 
lating, the difference between the two values at each 
pH. The standard deviation of these differences was 
then used as a criterion of fit. 

0 2 4 6 6 

PH 

Fig. 1. Absorbance of yellow fluorescein in water solution 
at five wavelengths, as a function of pH, Ionic strength 0.10. 

Total concentration of fluorescein, 2.407 x lo-‘M. 
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Wovelength: 437 nm 

1 .oo 
0 Origlnal data 

t A Colculatrd 
c 
x 

0.76 

b 
2 0.50 
a 

0.25 

I I I I I I I , 
0 2 4 6 6 

PH 

Fig. 2. Fit of observed and calculated absorbance us. pH 
curves at 437 nm. Fluorescein, 2.407 x IOmsM. Water only 
as solvent; c = 0.10. Calculation based on p&, = 2.19, 

pKHI, = 4.24, pKFl = 6.33. 

The entire calculation was repeated with a new set 
of dissociation constants. With the second and third 
dissociation constants held constant, the first con- 
stant was varied, in steps of 0.02 over the range 
PK,,,~ = 2.13-2.25. A similar calculation was made 
with the second constant varied over the range 
pKHIR = 4.204.48, and another for pKa,, varied over 
the range 6.30-6.38. 

Minima were found in plots of the standard 
deviation of fit vs. the dissociation constant being 
varied. Variation in the first and second constants 
had a great effect on the fit of A.,37m and AISS,,,,, but 
much less on the fit o t’ AdTsnm and A,-. On the other 
hand variation in the third dissociation constant had 
a great effect on the fit of A,, but very little on the 
fit of A437m and A455m. This is a consequence of 
the changing contribution of the absorbances of the 
individual prototropic forms to the total spectra. 

The results of the numerous regressions led to a 
set of best values for the dissociation constants: 

= 6.46 x 1O-3 (PK,,, = 2.19), K,,, = 5.75 x 1O-5 

ZL = 4.24), KHF, = 4.68 x lo-’ (PK,.,, = 6.33) 
and calues for the working absorptivities of each of 
the four prototropic forms at each of the five 
wavelengths measured. The results are shown in 
Table 1, the working absorptivities (A&~y,,,,wJ 
having been converted into molar absorptivlties by 
division by the concentration (2.407 x 10M5M). 

The regressions were performed on the Iowa State 

University VAX computer (Digital Equipment Cor- 
poration) with the Minitab Statistical Computing 
System developed at Pennsylvania State University.* 
The Minitab multiple regression routine (“Nocon- 
stant” option) is directly applicable to equation (1) 
and provides not only the standard deviation of the 
differences (“the fit”) between the observed and 
calculated curves but provides various other related 
statistical quantities (not reported here) and appor- 
tions the standard deviation between the four 
constants and the regression itself. For the best 
values of the dissociation constants @K,,, = 2.19, 
pKHzH = 4.24, pKnr, = 6.33) the fits for the five wave- 
lengths were 

Standard deviation of 
Wavelength, the mean absorbance 

nm (40 lines of data) 

437 0.0022, 
455 0.0041, 
464 0.0023, 
415 0.0011, 
490 0.0026, 

The Minitab multiple regression routine also auto- 
matically identifies data which have a large standard 
deviation or are given a large influence by their X- 
values. This provides an excellent warning that certain 
data may bear a large probable error or fall outside 
the range of assumptions made in the theoretical 
development. After deletion of those data which are 
in error by more than 2.5 times the standard deviation 
(some 14 of the 200 absorbance readings taken), 
and recalculation, the new standard deviations were 
smaller than those reported just above, by a factor 
of 2. Re-examination of the experimental work and 
the recorded spectra showed no justification for such 
deletions and all the data were used in preparing the 
curves shown here and the results in Table 1. 

The extent to which each of the four prototropic 
forms of yellow fluorescein contributes to the absorp- 
tion as a function of pH at the various wavelengths is 
shown in Fig. 3. 

It is apparent that at very low pH the absorption at 
437 nm, Fig. 3a, is primarily that of the cation, but in 
the middle pH range there is significant absorption by 
the neutral molecule and the singly charged anion. 

The small shoulder at * pH 3 in the plot of the 
absorbance at 455 nm is associated primarily with the 

Table 1. Calculated molar absorptivities (L mole-’ .cm -‘) of the 
prototropic forms of yellow fluorescein in aqueous solution: ionic 
strength, 0.10; total concentration, 2.407 x 10m5M; KHIFl = 6.46 x 10d3, 

K u.n = 5.75 x 1O-s. K,,, = 4.68 x lo-’ 

Wavelength, 
nm %Fl 6HZFl 6HFI +I 

437 4.98 x 10’ 1.16 x 10’ 2.13 x 10’ 1.19 x 10’ 
455 1.60 x 104 5.54 x 103 2.93 x 10’ 2.20 x 104 
464 4.78 x 10” 3.81 x 103 2.84 x 10 3.03 x 104 
415 821 3.51 x 10’ 2.89 x 10’ 4.37 x 104 
490 20.8 2.28 x IO3 1.53 x 104 7.89 x 10’ 
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WowLmSth: 437 nm 

PH 

WovelmSth: 455 nm 

k.t.1 

WavrlmSth:464 nm 

PH PH 

1.25r (d’ Wawlmgth: 475 nm Wwolength: 490nm 

8 
c 0.75 

Ii 

g 0.50 
a 

0.25 

1.6 - 

f 1.2 - 
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Fig. 3. Absorbance us. pH curves for the four prototropic forms of yellow fluorescein at five wavelengths 
(a)-(e). For each wavelength and at each pH the four component absorbance-s sum to the observed 
absorbance. Symbols are the same on all five graphs. Total A, original data 0; A,,,” A; A,,” + ; A,,, 

x; A, l . 

neutral molecule, as shown by Fig. 3b, &en though 
the neutral molecule has a relatively low molar ab- 
sorptivity. The maxima in the absorbances of H,Fl 
and HFl- at all five wavelengths are (Fig. 3) at 
pH - 3.22 and - 5.26 respectively, as expected since 
a, will be maximal at a pH midway been p& 
and pK, for H,Fl, and between pKHzn and pK,,_. 
Analogously, Fig. 3e, at pH above 7.5 the absorption 
is primarily that of F12- . The shoulder at pH - 5 on 
the plot of absorbance at 475 nm is clearly due to 
HFl- (Fig. 3d). 

A number of isosbestic (equal absorbance) points 
are present in the absorbance vs. pH plots shown in 
Fig. 1. These points are related to the absorptivities 
and alpha-values for the various forms of fluorescein 
in accord with equation (1). There are also 
iso-absorbance points in the individual absorbance 
V.T. pH curves for the four prototropic forms of 

fluorescein at a given wavelength (Fig. 3). The posi- 
tions of these points agree with calculations made by 
using equations (l)-(5) and the molar absorptivities 
given in Table 1. 
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Summary-The relative fluorescence of fluorescein over the pH range 3-12 has been measured at 516 nm, 
with excitation at 489 nm. The relative fluorescence is essentially zero at pH 3, increases slowly between 
pH 4 and 5, rises rapidly between pH 6 and 7, reaches a maximum at pH 8, and remains constant at above 
pH 8. The curve of relative fluorescence as a function of pH lies somewhat above the corresponding curve 
describing the fraction of fluorescein present as the doubly charged anion, F12-, indicating much weaker 
fluorescence of the singly charged anion, HFl -, and very much weaker fluorescence by the neutral species, 
H,Fl. The fluorescence data have been used to calculate a value for the third dissociation constant. Because 
of the complexity of the system, one unknown dissociation constant and three (relative) fluorescence 
constants, a series of three variable regressions on the data was made. The final values were 
K,,, = 4.36 x lo-’ (JI = 0.10) for the third dissociation constant and ~~~~ = 0.8; K”~, = 5.7; K~, = 100.0 for 
the relative fluorescence constants. 

The primary interest in fluorescein lies in its 
fluorescence, and it is therefore surprising that the 
relation of this to the nature of the prototropic forms 
of fluorescein in water solution has not been un- 
equivocally established. Some workers have pro- 
ceeded on the basis that the doubly charged anion 
F12- is responsible for the fluorescence, inasmuch as 
alkaline solution is necessary for the fluorescence to 
appear, but this assumption has been made without 
knowledge of the values of the acid dissociation 
constants and the range of pH over which the various 
prototropic forms exist and the fluorescence occurs. 

An extensive study of the fluorescence was made by 
the flash photolysis method by Lindqvist.’ Finding a 
knowledge of the dissociation constants of fluorescein 
necessary, he determined them by the spec- 
trophotomet~c method, by the procedure described 
by Zanker and Peter,2 but in purely aqueous solution. 
Because of the difficulties posed by the closeness of 
the second and third dissociation constants, a 
difference of only 2.12 in pK, the Lindqvist value for 
the third dissociation constant, KHFI = 1.99 x IO-’ 

(PKHFI = 6.7), is probably too small. Although 
Lindqvist was concerned with the dissociation con- 
stants of the excited states and the decay rates as a 
function of pH, nowhere in the paper did he report 
the observed relative fluorescence as a function of 

PH. 
We have now measured the fluorescence of highly 

purified fluorescein in water as solvent, at ionic 
strength 0.10, pH 3-12, with excitation at 489 nm and 

*Part VI-H. Diehl, Talunru, 1989, 34, 413. 

emission measurement at 516 nm (Table 1 and Fig. 
1, curve F’). 

The fluorescence is essentially zero at pH < 3, 
increases slowly between 4 and 5, rises rapidly be- 
tween pH 6 and 7, reaches a maximum at pH 8, and 
remains constant at pH 2 8. Visual inspection shows 
the point of inflection of the curve to be at pH 6.35. 

Figure 1 also shows the distribution of the four 
prototropic forms of yellow fluorescein, the only 
form present in aqueous medium. The curve for the 
fluorescence lies slightly above that for the fraction of 
F12- present, especially at lower pH. It is apparent 
that Fl- also fluoresces, but not as strongly as Fl*-, 
and that quite possibly the undissociated species also 
fluoresces but even more weakly than Fl-. 

EXPERIMRNTAL 

Chemicals 

Fluorescein was prepared and purified through the 
diacetyl compound described in an earlier paper.) 

Buffers covering the pH region 1.5-13 at intervals of 0.5 
were prepared from 0,IM hydrochloric acid, potassium 
hydrogen phthalate, boric acid and potassium hydroxide, as 
appropriate, with addition of 0.W potassium chloride to 
maintain the ionic strength constant at p = 0.1. After the 
fluorescence measurement the pH of the solution was deter- 
mined with a Corning Model 10 pH-meter and a Beckman 
glass electrode and SCE. 

Standards 

A stock solution of fluorescein was prepared by dissolving 
100.0 mg of pure red fluorescein in 1 litre of 0. 1M potassium 
hydroxide. A 1.00~ml afiquot of the stock solution was 
placed in a SO-ml standard flask, 1 ml of 0. 1M hydrochloric 
acid was added, and the mixture was diluted to the mark 
with the appropriate buffer. The concentration of 
fluorescein in all the solutions tested was 6 x 10m6M. 
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Table 1. Relative fluorescence of fluorescein as a function of pH [Pm = observed relative fluorescence 
normal&d to maximum fluorescence @H > 8) set equal to 100.0, ionic strength p = 0.10; concentration 

6.0 x 10-6M] 

;H 

m 

0.92 3.11 3.56 1.67 4.05 3.00 4.34 4.16 4.65 5.80 4.84 7.10 10.0 5.11 11.6 5.28 

PH 5.35 5.50 5.51 5.69 5.85 6.05 6.35 6.63 
Fb 13.5 17.4 16.7 21.7 27.1 38.2 52.5 67.5 

PH 6.99 7.48 7.73 8.20 8.40 9.10 10.45 12.40 
F:, 82.7 95.8 99.2 100.0 100.0 100.0 100.0 100.0 

Procedure The individual fluorescence intensities 
The excitation and emission spectra of fluorescein as a 

function of pH were obtained by use of a Bowman-Kiers 
Spectrophosphorimeter with an attached Mosely Autograf 
X-Y Recorder. The path-length of the fused-silica cell was 
1.00 cm. The emission at 516 nm was recorded over the pH 
ranae 3.1 I-12.4, with excitation at 489 nm. 

F HzFl = 2.303 4H2Fl %aln b[H,nl 

= ~,,[H,Fll 

&I = 2.303 &F, &HFl b WI- 1 

= ~HFI[HFI-I 

RESULTS AND DlSCUSSlON 

For the prototropic forms and dissociation con- _ _. 

FF, = 2.303 & +, b[F12-] 

= k,[F12-] 

(2) 

(3) 

(4) 
stants of fluorescein, we employ the same symbolism 
as in the earlier papers. 3-7 For definition of KH,m, 

where 4 is the fluorescence efficiency, E is the molar 

KH,, and 4~ 9 see reference 4. For calculation of the 
absorptivity, b the path-length, and k the fluorescence 

distribution of the four prototropic forms (H3Fl+, 
constant. In equations (2)-(4) the fluorescence 

H,Fl, HFl- , Fl*-) see reference 7. 
efficiency and the molar absorptivity for a given form 

We now assume that the fluorescence intensities, F,, 
are assumed to be constant and the path-length to be 

of the individual prototropic forms are additive to 
1.00 cm. Combination of equations (l)-(4) yields 

give the total fluorescence F,,,: Fm = kH,d-hFll+ k,,,[HFl - I+ km W2 - 1 (5) 

Fn, = FH,, + FHF, + 4-1 (1) The concentration terms are eliminated by substi- 

are given by 

100 

0 

3.0 5.0 7.0 9.0 

PH 

Fig. 1. Normalized relative fluorescence F:. of 6.0 x 10-6M fluorescein as a function of pH; excitation 
at 489 nm, emission at 516 nm, ionic strength p = 0.10. A, B, C and D are the fractions of fluorescein 
present as H,Fl+, H,Fl, HFl- and Fl*- respectively as calculated from p&r, = 2.19, pKHzF, = 4.24, 

pK,, = 6.36. 
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tution of the equations defining the concentrations of 
the individual prototropic forms as fractions (a,) of 
the total concentration C: 

aH*F,=y 

QHF, - WF1 -1 -- 
C 

(7) 

ct, - [FIZ-) 
c 

(8) 

giving 

% = kn,n aH2FI c i- kH, QHFI c + kn an C (9) 

the prime indicating that the values of Fi have been 
normalized. With C constant throughout a series of 
measurements, a new term, K, the “working 
fluorescence constant”, where K = kc, is introduced 
for each of the prototropic forms, giving 

F6 = KH2Fl aH2fl + KHFl OLHR + 61 aFi (10) 

It is apparent that the system involves six con- 
stants: the three dissociation constants, KH2n, KH2m, 
K HF,r and the three working fluorescence constants, 

KH2R, lCHFl and K~. Our present approach to this 
problem has been to assume values for the three 
dissociation constants, calculate the fractions of the 
various prototropic forms present, as functions of 
pH, substitute these in equation (10) and apply 
regression to evaluate the three working fluorescence 
constants, and then to repeat the process with a 
slightly different set of dissociation constants until an 

optimum fit of observed and calculated fluorescences 
is obtained. 

The values assumed for the first and second dis- 
sociation constants, pKu,, = 2.19 and PKH,~ = 4.24, 
obtained from the ultraviolet absorption studies re- 
ported earlier,6*7 were held constant throughout the 
calculation. The third dissociation constant was var- 
ied in a series of regressions: pKHF, = 6.330, 6.350, 
6.355, 6.360, 6.365, 6.370, 6.390. As a criterion of fit, 
the differences between the observed and calculated 
values for the total fluorescence were calculated; the 
standard deviations and sums-of-squares showed 
pronounced minima at pKHn = 6.360, at which the 
standard deviation of an individual observation 
(n = 22) was 0.694 and the standard deviation of the 
mean was 0.15 1 (both in terms of relative fluorescence 
normalized to 100.0). At this point i$“= 0.804, 
~~~~ = 5.819, and rcr, = 101.45. 

We conclude that the third dissociation constant 
KHFl IS equal to 4.36 x lo-’ (PKH, = 6.36) and nor- 
malizing to icF1 = 100.0 gives the working fluorescence 
constants as Knlri = 0.8, xHF, = 5.7, and K~ = 100.0. 
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SPECTROPHOTOMETRIC STUDY OF THE COMPLEX 
FORMATION OF 3-(l-NAPHTHYL)-2-MER~A~OPROPENOIC 

ACID WITH NICKEL(II), PALLADIUM(I1) 
AND HYDROGEN IONS 

ALVARO IZQUIFBLW* and Jo& LUSS &?LTRA!~ 

ment de Quimics Analitica, U~versi~t de Barcelona, Diagonal 64’?,08028 Badona, Spain 

(Received 21 Aprii 1987. Revised 11 August 1988. Accepted 21 October 1988) 

Sunnnary-The equilibria between 3-(1-naphthyl)-2-mercaptopropenoic acid (H,NMP) and nickel, pal- 
ladium and hydrogen ions at 25” in aqueous O.lM NaClO, solution containing l-2% ethanol have been 
studied spectrophotometrically. Protonation constants for the ligand and formation constants for the 
complexes Ni~MP), Ni(NMP):-, Pd~MP) and Pd~MP)~-, ret&d by the SQUAD program, are 
reported. 

The complexation of metal ions by some 
3-aryl-2-mercaptopropenoic acids has recently been 
studied.‘4 These impounds are of biological interest 
because of their effect on trace metal metabolism, 
being potent inhibitors of some copper- and zinc- 
dependent enzymes,’ and showing antibacterial 
activity.5 

The reactions of arylmercaptopropenoic acids are 
of two main types: formation of insoluble compounds 
with metal ions such as Ag(I), Pb(II) and Hg(II), and 
soluble complexes with transition metal ions, which 
are readily extractable with organic polar solvents. 
Some of the reagents have been used for spec- 
trophotometric determination of nickel,6 titanium’ 
and manganesea. 

Studies of metal complexation by a~Ime~apto- 
acidsI have shown the formation of ML and ML, 
complexes with Mn(II), Co(H), Zn(II) and Ni(II), 
and demonstrated that the 3-aryl-2-mercaptopro- 
penoic acid complexes are more stable than the 
3-aryl-2-mercaptopropanoic acid complexes.2 In con- 
trast to the saturated aliphatic m~pto-adds such 
as mercaptoacetic9 or mercaptopropanoic,*~ the 
3-aryl-2-mercaptopropenoic acids do not form poly- 
nuclear complexes with nickel or zinc. This difference 
can be attributed to the conjugated system formed 
between the aryi substituent and the carbonyl and 
mercapto groups through the unsaturated chain. 

However, comparison between the potentiomet~c 
studies of the different complexes is not satisfactory 
because different media had to be used owing to the 
low solubility of 3-aryl-2-mercaptopropenoic acids in 
water, which necessitated use of mixed solvents such 
as ethanol-water or dioxan-water. 

This problem can be overcome by the spec- 
trophotometric determination of the stability con- 

*Author for correspondence. 

stants, whieh can be done at a concentration level at 
which the l&and and the complexes formed are 
soluble in water. 

In this work we studied the protonation equilibria 
of 3-( 1 -naphthyl)-2-mercaptopropenoic acid (I-& NMP) 
and its complexes with nickel and palladium. Earlier 
qualitative studies of H,NMP” had shown that 
nickel forms a yellow-green soluble complex in 
acetate bt@er, and palla~~ a red complex in 
hydrochloric acid. The systems were studied at 25” in 
O.IM sodium perchlorate solution in water contain- 
ing l-2% ethanol. The formation constants were 
determined by the SQUAD program. 

Apparatus 
Beckman Acta M-VII and DU-7 spectrophotometers 

were used with lO-mm silica cells. The pH-meter was a 
Radiometer PHM 84 in conjunction with a Radiometer 0 
202 B glass electrode, and a Radiometer K 801 Ag/AgCl 
reference electrode, the latter filled with saturated sodium 
chloride solution, instead of saturated potassium chloride 
solution, to prevent clogging of the reference electrode frit 
by precipitation of pot&&m perchlorate. 

The electrode svstem was first calibrated with uH 4.008. 
6.863 and 9.183 buffer solutions at 25”, according to DIN 
19266. After equilibration, the electrode response was 
checked against pH 2.00, 4.00, 6.00, 7.00 and 8.00 buffer 
solutions (Carlo Erba and Crison). The temperature of the 
solutions was kept constant at 25 rtO.1” with a Selecta 
model Tectron thermostatic bath. 

Reagents 
H,NMP was synthesized as described earlier,” and its 

purity was checked frequently by iodometric titration.12 In 
all experiments freshly prepared ethanolic solutions were 
Used. 

Nickel perchlorate was prepared by dissolving nickel 
carbonate in perchloric acid (1 + 1), evaporation, and re- 
crystallization from water. Palladium perchlorate was ob- 
tained from the pure metal as described by Burger and 
Dyrsscn.‘3 The stock solutions of metal perchlorates (about 
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Table 1. Exnerimental conditions of spcctrophotometric measurements _ _ 
Equilibrium Wavelength Number of C,, C 

system range, nm spectra lo-‘M 10-G pH range 

NMP-H+ 275-415 39 3.0-8.0 - 1.1-11.7 
NMP-Ni2+ 275-505 33 0.2-16.2 0.8-7.2 3.2-7.3 
NMP-Pd*+ 275-505 37 0. IA.0 0.1-0.9 1.1-5.6 

0.0330.05M) were standardized gravimetrically with di- 
methylglyoxime.‘4 The ionic strength of the medium was 
kept constant at O.lM by addition of 0.5M sodium 
perchlorate. All reagents were of analytical grade. 

For each equilibrium system, several series of solutions 
were prepared, by adding 0.1% ethanolic solution of 
H,NMP to 25- or 50-ml standard flasks, containing the 
buffer or buffer and metal solutions. After equilibration, the 
absorbance was measured at lo-MI intervals over the 
spectral range required, and finally the pH of the solution 
was measured and converted into PC, units according to the 
Davies equation” (the calculated activity coefficient for the 
hydrogen ion was 0.778 at 25” and O.lM ionic strength). In 
the PC, range l-2 and at PC, > 11 the pH of the solutions 
was not measured, because the PC, value was obtainable 
directly from the dilution of 0.2M perchloric acid and O.lM 
sodium hydroxide. 

The effect of the ethanol present in the working solutions 
(from the ligand solution) on the activity coefficient was 
neglected because of the smallness of the change in the 
dielectric constant of the medium (the amount of ethanol in 
all solutions was less than 2% v/v). 

Table 1 lists the experimental conditions. The upper 
limit of ligand and metal concentrations was set by the 

(A) (8) 

) 
275 300 325 350 375 400 

Wavelength (nm 1 

solubility of the ligand and the metal complexes under the 
experimental conditions. 

In the determination of the two protonation constants of 
the ligand, equilibrium solutions covering the pH ranges 
2.1-3.7 and 7.7-9.2 were used. Solutions in O.lM perchloric 
acid (PC, = 1), phosphate buffer (PC, = 5.7) and O.OlM 
sodium hydroxide @C, = 11.71) with ionic strength O.lM 
(NaClO,) were used to determine the spectra of the pure 
species H,L, HL- and L*- respectively. Figures 1A and 1B 
show the variation in spectra on changing the pH of the 
solutions. 

The Ni(II)-NMP system was buffered with acetic 
acid-sodium acetate because of the low formation constant 
of nickel(II)-acetate complexes”‘~” In the Pd(IIbNMP 
system, the pH of the equilibrium mixtures was adjusted 
with sodium hydroxide and perchloric acid (to avoid inter- 
ference from buffer components). Figures 2 and 3 show 
some of the spectra obtained. 

DATA TREATMENT 

The general equilibria studied can be written as: 

IL +mM + hH=L,M,Hh 

0.60 

0.00 
275 300 325 350 375 400 

Wavelength (nm I 

Fig. 1. Spectra of two series of solutions used to determine the protonation constants of H2NMP. Arrows 
indicate the spectral trends in changing the pH (A) from 1.11 to 5.72, C, = 3.03 x 10m5M; (B) from 5.66 

to 11.74, C, = 7.98 x 10-5M. 
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0.60 

Wavelength (nm 1 

Fig. 2. Absorption spectra of the system Ni(II)-NMP at 
different pH values. Arrows indicate the spectral trends in 
changing the pH from 3.27 to 4.98. CL = 7.04 x 1O-5M, 

C, = 3.22 x IO-‘&f. 

I 

300 350 400 450 500 

Wavrlength (nm 1 

Fig. 3. Absorption spectra of the system Pd(II)-NMP at 
different pH values. Arrows indicate the spectral trends in 
changing the pH from 1.11 to 5.46. CL = 2.70 x 10S5M, 

c, = 9.81 x 10-6&f. 

and the overall formation constants are defined by: 

where L = ligand (charges are omitted for simplicity). 
For the protonation equilibria, initial estimates 

of the formation constants were determined 
analytically’* at several wavelengths (315, 355 and 
375 nm for the first protonation constant, and 335, 
345 and 355 nm for the second). The values found 
were log &, = 8.21, and log flloz = 11.23. 

In the complex formation studies, the predominant 
species in equilibrium were determined before the 
numerical calculations. For the Ni(II)-NMP system, 
the continuous variations method indicated an ML, 
complex, but for the Pd(II)-NMP system, the stoi- 
chometry obtained by this method was about ML,.4, 
suggesting overlap of the equilibria for the ML and 
ML, species, which was confirmed by a molar ratio 
plot (Fig. 4). Consequently, taking into account the 
formation of only mononuclear complexes between 
metal ions and 3-aryl-2-mercaptopropenoic acids,iA 
the formation of ML and ML, species was assumed 
for the two systems. 

Initial estimates of the formation constants for the 
Ni(I1) complexes were taken from the corresponding 
literature values of the 3-(2-furyl)-2-mercaptoprop- 
enoic acid complexes2 (log fll10 = 7.5, log flz10 = 16.4). 
Although this system was studied in ethanol-water 
(1: 9 v/v) at ionic strength O.lM (KNO,), the pro- 
tonation constants of the ligand were similar 
(log /Ilo, = 8.097 and log /?ioz = 11.490 for the 2-fury1 
derivative) to those obtained for H,NMP in our 
experimental conditions. 

There were no previous references for formation of 
palladium complexes with mercapto-acids, so the 
initial estimates for the constants were made by 
comparing the pH range of complex formation with 
that for the nickel complexes. Formation of the latter 
begins at about pH 3.3-3.8 (Fig. 2), but the palladium 
complexes show very high absorbance even at pH 1. 
From this, we can consider that the formation con- 
stant for the PdL complex is about 34 orders of 
magnitude greater than for NiL, so an initial estimate 
of 12 for log /Ill0 would be reasonable, and 24 for 
log &, (calculated as twice log /I1iO). 

0.10 

E 
f Q06 

0.02 
I++-- 
I I I I I I 
0 1 2 3 4 5 

C,'CM 

Fig. 4. Molar ratio plot for the Pd(II)-NMP system 
measured at 415 nm. C, = 9.37 x 10e6M; pH = 3.5. 
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All the experimental data were processed by the 
least-squares program SQUAD,19 on an IBM 3083 
mainframe computer. This program refines the for- 
mation constants, and the molar absorbances for 
each species at all wavelengths. The function mini- 
mized (V) is defined in terms of the absorbance of the 
solutions: 

i=lLj-1 -I 

where s and w mean the number of solutions mea- 
sured and the number of wavelengths, respectively. 

As already mentioned, complexation by the buffer 
solution was neglected in treatment of the Ni(I1) 
complexes, and the hydrolytic nickel species can also 
be neglected under the experimental conditions. For 
palladium, the complexes Pd(OH)+ and Pd(OH), 
were found the main hydrolytic species in the pH 
range considered,i6*” and their formation constants 
(log jI, = 12.4, log flz = 25.2) were used as input data 
for the program. 

RESULTS AND DISCUSSION 

The formation constants obtained are shown in 
Table 2, together with the standard deviations of the 
absorbance residuals obtained by the program 
SQUAD. 

The formation constants for the nickel-NMP com- 
plexes are similar to those for the 3-(2-furyl)-2- 
mercaptopropenoic acid complexes, as shown in 
Table 3, as can be expected from the protonation 
constants of the two ligands. Figure 5 shows 

Table 2. Calculated formation constants 
(at 25”C, Z = 0. IM NaClO,) 

Metal Species 
ion (Zmh) logB,* et 

H+ 101 8.22 f 0.01 0.004 
102 11.20 f 0.02 

Ni*+ 110 8.10 f 0.03 0.012 
210 16.40 f 0.01 

Pd2+ 110 15.56 f 0.04 0.006 
210 26.40 f 0.09 

*Mean f standard deviation. 
tstandard deviation of absorbance data. 

-log [HI 
Fig. 5. Distribution of Ni(II) species in the Ni(II)- 
NMP system as a function of pH. C, = 5 x 10-SM, 

c, = 1 x IO-SM. 

a 

Fig. 6. Distribution of Pd(I1) species in the Pd(II)- 
NMP system as a function of pH. C, = 5 x 10e5M, 

c, = 1 x lo-‘M. 

the distribution of Ni(I1) species for metal and 
ligand concentration levels similar to those in the 
experimental working range. 

The palladium-NMP complexes have very high 
formation constants. The species distribution for the 
Pd(II)-NMP system is shown in Fig. 6. The most 
sensitive reaction is the formation of the neutral 
Pd(NMP) complex in acidic medium, which is 
extractable by organic polar solvents, such as isoamyl 
alcohol or methyl isobutyl ketone. Although these 
results might be interpreted as suggesting formation 
of mixed hydrolytic species, such as Pd(NMP) 
(OH):-, to be compatible with the square-planar 
configuration of most palladium(I1) complexes, ten- 
tative calculations by the program SQUAD showed 
that this would not be the case. 

Table 3. Literature values of formation constants of Ni(I1) complexes with 
3-aryl-2-mercaptopropenoic acids 

Aryl group log B, 10 log 8210 Ionic medium Reference 

Phenyl 
2-Fury1 
2-Thienvl 

Phenyl * 

~-FuN~ 

10.96 22.36 
10.53 21.53 Dioxan-water (50%) 1 
10.06 20.79 0. I A4 NaCIO, 

8.69 19.22a Ethanol-water (30%) 3 
O.iM KNO, 

7.50 16.39 Ethanol-water (10%) 2 

2-Naohthvl 9.84 
O.lM KNO, ’ ’ 

19.98 Ethanol-water (50%) 4 . I 

l.OM NaClO; ’ 
I-Naphthyl 8.10 16.49 Water (l-2% ethanol) This work 

0. I M NaClO. 
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POTENTIOMETRIC STUDIES OF INDIUM(II1) AZIDE 
COMPLEXES IN AQUEOUS MEDIUM 
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(Received 20 January 1988. Revised 18 March 1988. Accepted 7 October 1988) 

Summary-The stability constants of indium-azide complexes were determined by the potentiometric 
method (glass electrode). The effect monitored was the change in pH of a solution of azide and hydrazoic 
acid (N; /HN,) when indium(III) cations were added. The azide concentration was varied from close to 
zero to %mg, the ionic strength being kept at 2.OOOM with sodium perchlorate and the temperature at 
25.0”. Evaluation of experimental data showed only mononuclear species, and the global constants found 
were @, = (2.0 + 0.1) x IOr, /I2 = (7 f 2) x 105, /?r = (5 * 1) x 10’ and /$ = (7 & 3) x IO*. 

Complex formation between r&de and various 
cations has been studied in our laboratories for some 
time.’ For the present study, indium(II1) was selected 
because of its electrochemical properties. Azide acts 
as a catalyst in the polarographic conditions in which 
In3+ is electroactive.2 Many ligands, such as halides, 
carboxylates and oxy-anions, form complexes with 
indium(II1) but the results are not always reliable.3 A 
pseudohalide, thiocyanate, has received special atten- 
tion.4 Thiocyanate and azide are isosteric’ and there 
is strong evidence for complex formation between 
azide and indium(II1). Potentiometry is a suitable 
method for these studies because hydrazoic acid and 
its conjugate anion azide form a buffer solution. The 
change in pH of this buffer solution when metal ion 
is added can be monitored with a combination glass 
electrode. The complex formation constants were 
evaluated by standard methods6 

EXPERIMENTAL 

Reagents 
A standard solution of indium(II1) perchlorate was pre- 

pared by dissolving 0.6950 g of the primary standard oxide 
InzOJ (Johnson & Matthey) in enough concentrated 
perchloric acid (Merck) to give a final acid concentration of 
around 3OmM. Gentle heating was needed to dissolve all the 
oxide. Excess of acid is necessary to prevent hydrolysis of 
In(II1). The solution was diluted with water to a final 
volume of 500.0 ml to give C,. = 9.832 x lo-‘M and 
C,, = 3.405 x 10m2M (the acid was determined by a stan- 
dard addition method’). Sodium perchlorate and azide 
(Merck) solutions were standardized gravimetrically. 

pH was measured with a Micronal B375 potentiometer 
and a Metrohm EAl21 combination glass electrode. The 
supporting electrolyte was 2.OOM sodium perchlorate. The 
temperature was kept at 25.0 f 0.1”. The microburette was 
a Metrohm E274 (5 ml), with a plastic capillary on the tip 
to control the droplets. 

Procedure 
The ionic strength was adjusted to 2.OOOM with sodium 

perchlorate to minimize variation of the activity 

coefficients,a so that the operational pH9 measurements 
correspond to H+ concentrations rather-than H+ activities. 
Thus, O.OlOOOM nerchloric acid with I = 2.OOOM (NaClO.) 
gave ‘a conditional pH of 2.000 as read by the gla& 
electrode. The response of the electrode was determined for 
2.OOOM sodium perchlorate to which successive additions of 
0.04OOM perchloric acid [I = 2.OOOM (NaClO,)] were made. 
In the pH range 2-3, the measured potential varied linearly 
with the calculated pH, with a slope of 0.06065 V/pH. 
Above pH 3 linearity was no longer observed and the curve 
deviated upward. This has been explained in terms of slight 
dissolution of the glass wall of the electrode or of adsorption 
of H+ on the membrane.‘O Once the slope was known all 
measurements could be corrected.’ 

The working solutions used for the equilibrium measure- 
ments were prepared as follows. 

(1) To known volumes of 2.OOOM sodium perchlorate, V, , 
different volumes of N; /HN, buffer [I = 2.OOOM (NaClO,)] 
were added with a microburette and the pH values were 
measured. A series of pH-values for different buffer concen- 
trations in the absence of indium(II1) was thus obtained. 

(2) To known volumes of 2.OOOM sodium perchlorate, Vi, 
containing indium at concentration C,, NC /I-IN, buffer 
containing In3+ at the same concentration C, [I = 2.OOOM 
(NaClO,)], was added and the pH-values were measured 
[the buffer constituents were at the same concentration as in 
(I)]. Comparison of the pH-values for the various buffer 
concentrations with those in the first series yields ApH; then 
A can be evaluated6 from: 

A = A]N, I- C, + A]H+l 

C, 
The buffer solutions with and without metal were pre- 

pared directly in the cylinder of the microburette, because 
transfer of the solutions in the open air would result in loss 
of HN, by volatilization, The number of data points is the 
number of increments of buffer solution used. Good repro- 
ducibility was obtained only if the concentration of 
hydtazoic acid did not exceed 0.2OOOM. Volatilization of 
HN, caused unavoidable errors. Large volumes (_ 2.0 ml) 
of the solutions of the buffer constituents (NaClO,, HCIO, 
and NaN,) had to be used in preparing the buffers, to reduce 
the relative errors in the volumetric measurements and 
to obtain better reproducibility. The order in which the 
solutions are added is important: the sodium azide solution 
has to be added to the acid to prevent volatilization of 
HN,. Two sets of experiments we&performed: (a) N,/HN, 
in the ratio 0.020M/O.l80M, I = 2.OOOM (NaClO,), 
C,,,, w 3.0 x IO-‘M, pH varied from 2.5 to 3.0, (b) 
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Fig. 1. Formation curve for the indium(III~axide-system. cr,,, : 0, 3.69 x lo-‘M; +, 9.83 x lo-‘M. 
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N; /HN, in the ratio 0.18OM/O.l8OM, I = 2.OOOM 
(NaC104), G,+ % 1.0 x 10-3it4, pH varied up to 4.5. 

MEASUREMENTS AND RESULTS 

Influence of ionic strength on pH measurements 

It is well known that pH depends on ionic strength. 
However, the dependence observed was unexpected, 
showing a continuous decrease as the ionic strength 
was increased. The mechanism by which a glass 
electrode responds to changes in H+ activity is not 
clear. For the present work the concentration of H + 
was needed rather than the activity. To determine 
this, the slope of the glass electrode had to be 
measured carefully and the ionic strength held con- 
stant to fO.l%. 

Hydrolysis of In3’ 

To check that the cell was tightly closed the pH of 
the buffer was monitored for a period. After this, a 
small amount of indium solution was added. The pH 
decreased owing to protonation and complexation 
reactions. The pH then stayed constant for 30 min, 
showing that no hydrolysis occurred. In a non- 
complexing medium In3+ hydrolyses slowly, but up 
to pH 3 no hydrolysis is observed. In complexing 
media, hydrolysis does not occur. 

Bjerrum function (ii) for the system In”/NT IHN, 

The working solutions with and without metal 

were prepared repeatedly. The corresponding 
Bjerrum functions are shown in Fig. 1. It can be 
observed that the curves for different metal concen- 
trations superimpose well. This is evidence that no 
polynuclear species are formed. 

Evaluation of stability constants 

From the Bjerrum function, A, and the Fronaeus 
equation” the values of F,(x) were obtained. By 
Leden’s graphical methodI four different complexes 
were found. 

The F,(x) data can also be analysed by a com- 
putational methodI based on solving simultaneous 
equations such as: 

F,(x) = 1 + /!l, [xl + BJx12 + * . . + B,[x] 

The main limitation of this method is that the values 
of F,(x) are obtained indirectly, and thus have large 
deviations. 

Another way to evaluate the stability constants 
from experimental A and [L] data is to use the least- 
squares method.” Here, a non-linear method’5“7 was 
used which allowed estimation of the variance. 

Table 1 compares the three methods of evaluation. 
The best set of constants was that found by the 
non-linear regression method. 

The best values obtained for the stability constants 
of the In’+/N, aqueous system (with their standard 

Table 1. Stability constants and standard deviations for the In”+/N; system found by the three methods (I = 2.OOOM; 
25.0”); and values obtained by Avsar’* (I = l.OM; 25.0”) 

Standard 
Method 8, 82 A B4 deviation* 

Leden 4.04 x 10’ 8.50 x 10s 6.14 x 10’ 1.08 x 10’ 0.09 
Simultaneous equations 3.68 x 10’ 6.84 x 10’ 8.46 x 10’ 8.42 x 10’ 0.08 
Non-linear regression 2.05 x 10’ 6.76 x 105 5.15 x 10’ 7.24 x 10’ 0.05 

Avsar’s (1.54 5 0.05) x 10) (4.1 f 0.1) x 10s (1.8 kO.1) x 10’ (2.9 kO.3) x 10s 

*Standard deviation was found by comparison of experimental A and evaluated A using the set of constants. 
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Log CN; 3 

Fig. 2. Fraction of indium(III) in its various forms, as a function of free azide ion concentration. 

deviations) are: fli = (2.0 rt: 0.1) x 103; 83 = (7 + 2) x 
10s; /!I3 = (5 * 1) x 10’; /I4 = (7 * 3) x 108. 

From the stability constants found, the distri- 
bution diagram was calculated (Fig. 2). 

DISCUSSION 

The results obtained in this work are comparable 
to those of Avsar’* who also used a potentiometric 
method at Z = l.OM and 25.0”, and found four 
complexes were formed. Despite the different ionic 
strengths, the values agree. 

The driving force for the complex formation be- 
tween In’+ and N; comes from an entropy change in 
the system, since the interaction is ionic in character 
(In’+ is a hard acid and NC is a borderline base). 
However, Avsar’s thermodynamic data show that, in 
the case of the first two complex species, the enthalpy 
and entropy changes lead to complexation, whereas 
in the case of the third and fourth species only the 
enthalpy change is relevant. 

According to Tuck’s observations,3 the four species 
found in the NT /It?+ system should have octahedral 
structure. The tetrahedral configuration of In’+ is 
rare and exists only under special conditions. 

From the kinetics of substitution of water mol- 
ecules by azide ions it appears that the complexes are 
labile. For die ions undergoing dissociative substi- 
tution reactions there is no loss in stabilization energy 
of the crystal field when a complex of octahedral 
configuration changes into an activated state with a 
square-base pyramidal structure.19 Tbe lability of 
In3+ and N; complexes can be analysed in the light 
of Eigen’s work,2o where the reaction 

[In(H,O),] + xH,0*~[In(H,0*)J3+ + xH,O 

was found to have a half-life of less than 10-3 sec. 
The stepwise constants (K,) are important par- 

ameters to be considered in complex formation 

between In3+ and N; : K, = j?, = 2.0 x 103; K2= 
/?*/&=3.5x 103; K3=/?3//33=7.1; &=&//I3=1.4, 
and confhm the statistical model for successive com- 
plex formation, whereby each ligand added decreases 
the probability for co-ordination of the next. 
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FACTORS FOR GLASS ELECTRODES 
IN AQUEOUS DIMETHYLSULPHOXIDE SOLUTIONS 
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Department of Chemistry, Faculty of Philosophy, Sciences and Letters of Riheirgo Preto, 

University of S&o Paulo, 14049-Riheirio Preto, SP, Brazil 
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‘i 
988) 

Aqueous dimethylsulphoxide (DMSO) is used as a dielectric constant data.5 For -log Cn, the value of 
cryoprotective agent in chemistry’ and biology, 2.20 (B -log l/y, for aqueous solution) was used 
and as a physiological substrate.2 It has also been instead of the stoichiometric value 2.24. 
proposed as a pharmaceutical or pharmacological The results obtained are given in Table 1. A 
substrate. Correction factors for the glass electrode in minimum value for log UO, is observed at a DMSO 
aqueous dimethylsulphoxide solutions have now been mole fraction of 0.5. In this behaviour, it is analogous 
obtained by the method of van Uitert and Haas. to other properties that show an extremum at around 

The relationship used in this method is -log that composition, and can be mainly attributed 
C,, = B + log U,., where Cu is the stoichiometric to strong interaction between water and DMSO 
concentration of acid, B is the reading of the pH- molecules.” 
meter and log Vu = log UO, - log l/y,, in which y * 
is the mean activity coefhcient of the acid and V”, is REFERENCES 

the correction at zero ionic strength. 1. J. J. Bloomfield, R. Fuchs and G. E. McGarry, .I. Am. 
The measurements were made with a Metrohm Ckm. Sot., 1961, 83, 4281. 

ES00 pH-meter equipped with a Metrohm EA121 2. M. J. Ashwood-Smith, in Cryobiology, H. T. Meryman 

combination glass electrode. The pH-meter was (ed.), Academic Press, New York. 1966. 

standardized with aqueous buffers. All measurements 
3. L. G. Van Uitert and C. G. Haas, J. Am. C/rem. Sot., 

were made at 25 f 0.1” and a hydrochloric acid 
1953, 75, 451. 

4. R. Reynaud, Bull. Sot. Chbn. France, 1967, 4597. 
concentration of 0.0057M. 5. J. P. Morel, ibid., 1967, 1405. 

The values of B were the averages of three 6. J. M. G. Cowie and P. M. Toporowski, Can. J. C/rem., 

independent experiments on solutions of the same 
1%1,39,2240. 

nominal composition. Log y* was calculated by using 
7. J. A. Glasel, J. Am. Chem. Sot., 1970, 92, 372. 

the relationships reported by Reynaud,’ and Morel’s 
8. M. F. Fox and K. P. Whittingham, J. Chem. Sot., 

Fara&y Trans. I, 1975, 71, 1407. 

Table 1. Correction factors for the glass electrode in aqueous dimethylsulphoxide solutions 

DMSO, 
% v/v 0 10 20 30 40 50 60 70 80 90 

Mole 
fraction 0 0.027 0.059 0.098 0.144 0.201 0.275 0.371 0.502 0.694 

of 
DMSO 
log &I -0.040 -0.056 -0.105 -0.145 -0.255 -0.405 -0.595 -0.705 -0.845 -0.785 
log l/Y* 0.038 0.038 0.039 0.039 0.040 0.041 0.042 0051 0.061 
log uo, 0 -0.02 -0.07 -0.11 -0.22 -0.36 -0.54 -8:z6 -0:79 -0.72 
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SOFTWARE SURVEY SECTION 

Software package TAL-008/88 
CALIBLOT 

Concentration calculation uith the aid of calibration curves, 
with use of "LOTUS 1-2-3" 

Contributors: M.J. Gomez, C. Ceccarelli and Z. Benzo, Centro de Quimica, 
I.V.I.C., Apartado 21827, Caracas t020-A, Venezuela; and J. Coella, 
Departamento de Quimica, Quimica Analitica, Universidad Autonoma de 
Barcelona, E-08193 Ballaterra, Spain. 

Brief descri tion: CALIBLOT can be used to handle data in most techniques 
where bn curve is required. However, it was designed with AAS 
and AES particularly in mind. In these techniques, the usual experimental 
procedure is to measure the response of some standards (3, 4 or S), then the 
response of the samples, and finally check the standards again. 

The main advantage of the CALIBLOT approach is the easy management of all 
the information, including the initial data , the intermediate steps, and the 
results, uhich can be displayed and printed in a neat table. Uhen a solid 
is analysed, the concentration of each element is calculated as a percentage 
by weight, and as ppm, from the ueight of the solid and the volume of 
soLvent used. This information is also stored to allou easy checking of the 
results of the analyses. The final result is averaged over the number of 
replicates for the sample (2 or 3). The table is formatted in advance. A 
graph with the tuo calibration curves is generated , and optionally printed, 
to permit checking for changes in the slope with time. Additional 
calculations are easily implemented if necessary. The program is 
user-friendly and includes specific hetp on-Line. St is suitable for 
routine use by untrained personnel. 

Potential users: scientists. 

Fields of interest: -- calibration and data handling. 

This application has been developed for the IER-PC and compatibles, to run 
under DOS 3.2 or later, It involves use of the commercial package LOTUS 
l-2-3, Version 2.0 (Lotus Development Corp., 16T First Street, Cambridge, HA 
02142). Several macros have been written, to erase old data (\E), to 
calculate calibration curves and determine the concentrations C\C), to 
average the replicates C\D or \T), to plot curves C\G), to print data and 
resuLts in a compact table C\P), and to create help screens C\O and \H). 
The program has extensive externaL documentation about use, design and 
macros. 

The application is fully operational, and is in use in severat research 
Laboratories at I.V.I.C. A formatted worksheet, including macros, can be 
made available on 5.25-in double-sided floppy discs, from the Technologic 
Center at I.V.I.C. The contributors are willing to deal with enquiries. 

Software packaae TAL-009/88 
POLYMER CHARACTERIZATION CGPC) SOFTWARE 

Contributor: 
LincoLnwood, ILL?~o~~~~~~&, 

Chemical Associates, Inc., 7235 N. Keating, 
USA. 

Brief descrf tion: The software calculates molecular weights 
(Flw, b the molecutar weight distributions 

of po lyaers 
CRUD) from sfre- 

exclusion chromatography (SEC) or gel-permeation chromatography CGPC) data. 
The user enters information on four points from the calibration curve, and 
then data on the peak heights. The computer then reconstructs the 
calibration curve, corrects the data for Instrument spreading, and 
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calculates molecular weights and the molecular weight distribution. The 
data and the results are then shown on the CRT and printed out by the 
printer. This is followed by an analysis of the curve, and mean, variance, 
skeu and kurtosis are reported. 

Potential users: Users of size-exclusion chromatography (GPC). 

Fields of interest: Analysis of polymeric materials. -_ 

This program has been developed for the Apple II computer, and is written in 
UCSD Pascal. The source code is available. It is available on 5.25-in 
single-sided floppy disc. The memory required is 128K. A version for the 
IBM PC and compatibles will be available soon. 

Distributed by: Chemical Associates, Inc. (Tel. 312 677 5493). The cost is 
$300.00; a demonstration disc is available. 

The Apple requires an IO-column card. The program is easy to use, and there 
is extensive external documentation. The contributor is willing to deal 
with user enquiries. 
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KINETIC STUDY OF THE DETERMINATION OF 
HYDRAZINES, ISONIAZID AND SODIUM AZIDE BY 

MONITORING THEIR REACTIONS WITH 
l-FLUORO-2,4-DINITROBENZENE, BY MEANS OF A 

FLUORIDE-SELECTIVE ELECTRODE 

ELENI ATHANASIOU-MALAKI and MICHAEL A. KOUPPARIS* 
Laboratory of Analytical Chemistry, Department of Chemistry, University of Athens, 104 Solonos Street, 

Athens 10680, Greece 

(Received 25 July 1988. Revised 14 November 1988. Accepted 30 November 1988) 

Summary-A kinetic potentiometric method is described for the determination of hydrazines (hydraxine, 
phenylhydraxine, hydralaxine ‘and procarbazine), isoniaxid and sodium axide, based on monitoring their 
reactions at 25” and pH 9.0 with I-fluoro-2,4_dinitrobenxene by means of a fluoride-selective electrode. 
Initial-rate and fixed-time methods were used to construct calibration graphs, generally over the range 
1 x 10e4-1 x 10W2M. Hydralaxine, procarbaxine and isoniaxid were determined in commercial formu- 
lations with a precision and error of 2-3% and the results were comparable with those of the official 
methods. The presence of common excipients and concomitant drugs in combination products do not 
interfere and the method can be used for coloured and cloudy sample solutions. A kinetic study of the 
reactions was made and the overall second-order rate constants are given. Base catalysis was observed. 
The fluoride-selective electrode is shown to be a valuable tool for monitoring fluoride-liberating organic 
reactions in kinetic studies and kinetic analysis. 

I-Fluoro-2,4_dinitrobenzene (FDNB), the so-called 
Sanger reagent, has been used in structural analysis 
as a label for the terminal amino-acid group in the 
determination of the amino-acid sequence of pro- 
teins,’ for active-site labelling of enzymes, and for 
studying protein tertiary structures.* FDNB has 
also been used for the spectrophotometric deter- 
mination of amino-acids and primary and secondary 
amines,s-9 amino-acid nitrogen in plasma and urine 
(Goodwin’s method),‘O*” isoniazid,12 various amino- 
glycoside antibiotics,” phenolsI and the enzyme ami- 
dase.15 It has also been used in the gravimetric 
determination of morphineI and other phenols” and 
as a derivative-forming reagent for determination of 
phenols’* and amines” in GLC, for amines and 
aminoglycosides in HPLC”** and for amines in TLC 
and mass spectrometry.*’ 

The spectrophotometric methods above have in- 
herent disadvantages as the reactions are slow and 
heating is needed to speed them up. Additional steps 
are also required for hydrolysis of the excess of 
FDNB and for the extraction and measurement of 
the DNB product. Also, the methods cannot be 
applied to coloured or turbid samples. All these 
drawbacks can be eliminated, with a slight decrease 
in sensitivity, by using a kinetic potentiometric 
method based on monitoring the FDNB-analyte 
reaction with a fluoride-selective electrode. The com- 

*To whom correspondence should be addressed. 

bination of the selectivity, sensitivity and simplicity 
of kinetic methods of analysis and ion-selective 
electrodes, produces a versatile technique.24 

Recently, we reported a systematic kinetic study of 
the reaction of FDNB with amino-acids and primary 
and secondary alkyl and aryl amines.25~26 The reaction 
was found to be first-order with respect to the 
amino-compound and second-order rate constants at 
pH 9.0 and 25” were reported. Based on this kinetic 
study, a kinetic potentiometric method (initial-rate 
and fixed-time procedures) was proposed for the 
determination of these compounds. The method is 
simple, relatively selective, sufficiently sensitive and 
applicable to turbid and coloured samples. It was 
validated by determining various drugs in commer- 
cial pharmaceutical formulations. 

In this work we extend the method to three 
other classes of nitrogen compounds, viz. hydrazines, 
hydrazides and azides. As far as we know, no kinetic 
data have been reported in the literature for these 
reactions. Pool and Meyer’* reported only the spec- 
trophotometric determination of isoniazid in serum, 
by measuring the absorbance of the DNB product at 
500 nm; the reaction was performed at 80”. The 
reaction of sodium azide with p-nitrofluorobenzene 
(an analogue of FDNB) in an aprotic solvent has 
been studied spectrophotometrically.z7*28 The reaction 
was found to be first-order with respect to azide and 
involves a stable intermediate complex which releases 
fluoride in the presence of a protic solvent which can 
solvate it. 

TN. 36,4--A 
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EXPERIMENTAL RESULTS AND DISCUSSION 

Apparatus 
A combination fluoride electrode (Orion Model 96-09) 

and a conventional analogue electrometer (Corning Model 
12 pH-meter) with 0.1 mV resolution, connected to a muhi- 
speed variable-span recorder, were used. All measurements 
were made at 25.0 f 0.2” in a thermostatically controlled 
plastic double-wall reaction cell, with continuous magnetic 
stirrina. The electrode was stored in 1 x 10”M fluoride 
solution overnight and between measurements. 

Reagents 
All reagents were of analytical grade and demineralized 

distilled water was used throughout. 
AnaIyte standard solutions. Working standard solutions of 

the test compounds in the range 1 x 10ms-5 x 10eZM were 
prepared daily from O.lOOOM stock standard solutions made 
from the analytical-reagent or USP grade substances in 
water. 

FDNB working solution, 5.0% (0269M) in acetone. Pre- 
pared by dissolving 1.25 g of FDNB (Sigma) in 25.0 ml of 
acetone, stored in a sealed amber glass vial in the refrig- 
erator and kept sealed except when being used. It is stable 
for at least one month, and should be carefully handled as 
it is vesicatory. 

Mixed borate (O.O3OOM)--uoride (3.0 x IOeSM)-DCTA 
(O.&UM) b&r, pH 9.0. Prepared by dissolving 11.4 g 
of Na,B,O,. lOH,O and 1.73 g of trans-l,Zdiamino- 
cyclohexane-N,N,N’,N’-tetra-acetic acid (DCTA) in 800 ml 
of water, adjusting the pH to 9.0 (pH-meter) adding 300 ~1 
of O.lOOOM sodium fluoride and diluting to 1 litre. 

StandardJluoride solutions. Working standard solutions 
were prepared by dilution of O.lOOOM stock sodium fluoride 
solution. All fluoride solutions were stored in polyethylene 
bottles. 

Procedure 
Pipette 10.00 ml of a working standard or sample analyte 

solution and 5.00 ml of the mixed buffer into the reaction 
cell. Start the stirrer and after the potential has stabilized 
(about 20 set) adjust the recorder pen to the high poten- 
tial side of the chart, set to 20 mV full scale, and start 
recording. Initiate the reaction by the injection of 100 ~1 of 
FDNB working solution with a micro-syringe and record 
the reaction curve for about 2-3 min. Empty the cell, wash 
it twice with water and proceed to the next sample. Include 
a water blank with each set of measurements. Estimate 
graphically the initial slope AE/At (mV/sec) for the kinetic 
study and analytical determinations by the initial-rate pro- 
cedure, or the potential change AE (mV) for the stated time 
interval for each analyte, for determinations by the 
fixed-time procedure. Using the standard analyte solutions, 
construct a calibration graph of AE/At us. concentration 
(initial-rate method) or (lOdEIs - 1) us. concentration 
(fixed-time method). Subtract AE for the blank from the AE 
values for the standards and samples. Determine S, the 
electrode response slope, by successive additions of 100 bl 
of 1.5 x 10-j and 1.5-x lO’*M standard fluoride solutions 
to 10.0 ml of water mixed with 5.00 ml of buffer and 
measurement of the potentials. 

Sample preparation 
The imile solutions should be neutralized to phenol- 

nhthalein if neccssarv. For assays of drug formulations the 
bfficial USP procedures for sampling and treatment are 
followed and a suitable portion of the homogenized sample 
is dissolved or diluted with water to give a concentration 
within the range of the calibration graph. Sample dis- 
solution can be assisted with a vortex mixer and the clear 
supematant liquid is used for measurements. 

Selection of experimental conditions 

The rate of the FDNB reaction with hydrazines, 
hydrazides and azide is drastically affected by pH 
because of base catalysis of the liberation of fluoride 
from the intermediate complex. FDNB is also hydro- 
lysed in alkaline solutions. A borate buffer of pH 9.0 
was chosen as optimum for the proposed kinetic 
method with the fluoride electrode as this ensured 
a moderate reaction rate, low interference from hy- 
droxide, and a low FDNB hydrolysis rate. A final 
borate concentration of O.OlOOM in the reaction 
mixture was chosen as a compromise between the 
requirements for low ionic strength and sufficient 
buffer capacity. A preliminary pH adjustment of 
very acidic or alkaline sample solutions is therefore 
necessary. 

The electrode was found capable of producing 
reliable kinetic measurements in the chosen buffer, 
providing that an addition of fluoride equal to the 
lower linear concentration limit (1 x IO-‘M) is first 
made to the reaction mixture.2s 

DCTA was added to the mixed buffer to mask any 
Fe’+ and AIS+ present in the samples. The kinetic 
study and the analytical determinations were per- 
formed at 25”. At higher temperatures the rate of 
both the main reaction and the FDNB hydrolysis is 
accelerated. Acetone was used as solvent for the 
reagent because it produces negligible solvolysis, 
mixes rapidly with the buffered sample solution and 
in the amount used has no practical effect on the 
electrode response. 

Kinetic study of the reactions 

The reaction of amino-compounds with FDNB is 
a nucleophilic aromatic substitution, with formation 
of an intermediate complex. The same mechanism is 
believed to be followed in the reactions with hy- 
drazines and azide.28 Its scheme is: 

RNHNH, + (N02)*C6H3F 

. ,I’, ‘(NO,hC,;i[,(F)fiH,NHR 

--% (N02)rC6H3NHNHR + H+ + F- (l) 

Assuming a steady state, the rate of fluoride for- 
mation is described by 

d[F-]/dt = a [RNHNH,], [FDNB], 
I 2 

= kup [RNHNH,], [FDNB], (2) 

where kenP is the overall experimental second-order 
rate constant. By differentiation of the Nemst equa- 
tion for the fluoride electrode with respect to time, we 
have 

dE/dt = S’(l/[F-1) (d[F-]/dt) (3) 
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where S’ is the slope of the E us. ln[F-] calibration 
graph. Equation (3) is valid in the linear part of the 
electrode response graph, i.e., for [F-l > 1 x 10T5M. 

Combining equations (2) and (3), at the start of the 
reaction where the initial slope is measured, we have 

(AElAt), = W/P-10) k, WHNHJo VW, (4) 

Since the pK,, values of the conjugated acids of the 
compounds tested are ~9.0, it is assumed that the 
molar concentration of the unprotonated reactive 
hydra&e or azide group is equal to the stoichiomet- 
ric concentration C,,,,,,,. 

As FDNB is also subject, to a small extent, to 
hydrolysis and reaction with hydroxide at pH 9.0 
(with rate constants k,, = 6 x 10V6 set-’ and 
Kou- = 0.05 l.mole-‘.sec-’ at 35” respectively), the 
initial (A~/A~)* for the FDNB reactions must be 
corrected. A blank of (A~/A~)~,~~~*~,~~i~ can easily be 
measured or considered as equal to the intercept of 
the plots of (AEIAt), vs. CRNHNH2. 

From experiments in which the FDNB concen- 
tration was varied over the range 1.8 x 10e4- 
7.2 x 10e4A4 with constant hydrazine inundation 
(6.7 x 10d4M), the reaction order for FDNB was 
found to be 1.03 & 0.02. From experiments with 
various concentrations of the test substances and a 
constant concentration of FDNB, k,, and the reac- 
tion order with respect to the substance can be 
obtained. 

Figure 1 shows typical E-t curves for the 
FDNB-azide reaction, used for the calculation of 
the kinetic parameters. The experimental results and 
the calculation of the kinetic parameters according to 
equation (4) are shown in Table 1. It is shown 
that the reaction is first-order with respect to azide, 
that the precision of the kinetic parameters obtained 

I 

d 

b 

Fig. 1. Typical E-t curves of the FDNB-axide reaction for 
the calculation of the kinetic parameters and calibration 
graphs at 25” and pH 9.0. [FDNB] = 1.78 x IO-‘M; [Aside] 
(a) blank, (b) 6.67 x IOe4M, (c) 3.33 x IO-‘&f, (d) 
6.67 x 10-3M, (e) 3.33 x 10-2M. Dashed line shows the AE 

measurement in the fixed-time method. 

Table 1. Experimental data for the calculation 
of kinetic parameters of the FDNB-axide reac- 
tion (pH = 9.0, T = 25”, [FDNB] = 1.78 x lo-‘M. 

[F-l,= 1.00x WSM,-S’= -36.5 mV/pF) 

(AE/Atx 
tcorrected), 

mV/sec 

0.667 0.160 0.018 
3.333 0.222 0.080 
6.667 0.336 0.194 
33.33 1.05 0.908 

(AE/At)~,~~*~~~ = 0.142 mV/sec 
Reaction order for azide = 1.04 + 0.08, r = 0.9995 
k, = 0.0129 f 0.0006, Lmole-’ . see-‘, r = 0.9994 

is sufficient for such a kinetic study, and that 
the regression coefficients are greater than 0.999. 
Figure 2 shows the effect of pH on the rate of the 
FDNB-azide reaction. Since pK,, of hydrazoic acid is 
4.65, the azide ion will be the reactive species at pH 
8 and 9, and so the pH effect on the reaction rate can 
be explained only by base catalysis in the second step 
of the reaction [equation (l)]. This differs from the 
behaviour of a~n~a~ids and amines, where the pH 
affects the protonation of the reacting group. 

Figures 3 and 4 show typical E-t curves of the 
FDNB-isoniazid reaction and the effect of pH on the 
reaction rate, respectively. Since pK, of the conju- 
gated acid is 3.85, as in the case of axide, base 
catalysis by hydroxide must be assumed. As shown in 
Table 2, the reaction is also first order with respect 
to isoniazid. Table 3 shows the results of the kinetic 
study. The reaction is seen to be first order with 
respect to all the analytes studied. Unfortunately, no 
kinetic data for these reactions could be found in the 
literature for comparison. Hydrazine was found to be 
the most reactive, followed by procarbazine and 
isoniazid. The rate constants of the hydrazine deriv- 
atives show that the reactivities increase with the 
basicity of the hydrazine group, as shown by pK, for 
the conjugated acid: hydraxine 7.96 > hydralaxine 
7.1 > phenylhyd~ine 5.20. 

t’ 

Fig. 2. Effect of pH on the reaction of FDNB 
(1.78 x 10-3M) with axide (6.67 x 10-‘M) at 25”. (a) Blank, 

pH 9.0, (b) pH 8.0, (c) pH 9.0. 
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Fig. 3. Typical reaction curves of the FDNB-isoniazid 
reaction for ~lculation of the kinetic parameters and cali- 
bration graphs, at 25” and pH 9.0. [FDNB] = 
1.78 x 10-‘&f; [isoniazid] (a) blank, (II) 6.67 x IO-‘M, (c) 
3.33 x lO-4M, (d) 6.67 x 10-4M, (e) 2.00 x 10m3M, (f) 
3.33 x lo-‘M, (g) 6.67 x IO-‘M. Dashed line shows the AE 

measurement in the fixed-time method. 

From equation (4), the initial slope of the reaction 
curve is linearly related to the analyte concentration, 
since the reaction is first order (Table 3). The reaction 
rates at pH 9.0 are suitable for use of the ffuoride 
electrode for monitoring a kinetic method of analysis. 
The base catalysis by hydroxide requires the reaction 
pH to be controlled. The shape of the reaction curves 
in Figs. 1 and 3 suggests that the initial-rate and 
fixed-time methods can be. used for construction of 
the calibration graphs, but the so-called reciprocal 
time method cannot.” 

[Isoniazid], @E/W,,, 
mM mV/sec 

0.333 0.086 
0.533 0.128 
0.667 0.149 
2.OW 0.322 
3.333 0.518 
6.667 0.947 

(~/At)~ 
(comcted), 

m V/set 

0.032 
0.073 
0.095 
0.267 
0.463 
0.892 

WlAt 10, wctrorynr = 0.0546 mV/sec 
Reaction order for isoniazid = 1.06 f 0.06, r = 0.98 
kerp = 0.070 k 0.007 l.mole-‘.sec-I, r = 0.96 

For the dete~inations by the fixed-time method, To evaluate the operative life of the fluoride- 
a dt value of 60 or 120 set was selected, depending selective electrode in a working medium different 
on the relative rate of the individual reaction from its optimum one (viz. borate buffer pH 9.0, in 
Table 4 shows the results obtained by the initial-rate the presence of FDNB and a small concentration of 
(IR) and fixed-time (FT) methods. It also summarizes acetone), the same electrode was used throughout the 
the performance data. The detection limit depends whole study of the FDNB reactions with amino and 
on the relative reaction rate of each substance, the hydra&o compounds. This four-year study showed 
lowest being for hydrazine, and the highest for azide. that the slope of the electrode response was the 
The precision of the measurements was reasonable expected Nernstian one (59 mV/pF) in the first two 
for kinetic potentiometric determinations, KSD years of its use, decreasing slowly to about 49 and 36 
1.8-3.5%. The total measurement time, for both mV/pF in the third and fourth year respectively. The 
kinetic methods, ranged from 2 to 3 min, depending decreased slope of about 36 mV/pF used in this work 
on the reaction rate. has no effect on the kinetic parameters CaIculated, but 

Fig. 4. Effect of pH on the reaction of FDNB 
(1.78 x l0-3M) with isoniazid (3.33 x IO-‘&f) at 25” (a) pH 

6.0, (b) pH 7.0, (c) pH 8.0, (d) pH 9.0. 

Table 2. Experimental data for the calculation 
of kinetic parameters of the FDNB-isoniazid reac- 
tion @H = 9.0, T = 25”, [FDNB] = 1.78 x lo-“M, 

IF-l, = 1.00 x lO-sM, S’ = -36.5 mV/pF) 

Table 3. Kinetic parameters of the reaction of hydrazines, isoniazid 
and sodium azide with FDNB, pH = 9.0, T= 25”, [FDNB] = 

1.78 x 10-3M 

Substance PK. 
L,, ( f SD). 

I.mole-L.sec-’ 
Reaction order 

(&SD) 

Hydrazine 7.96 0.59 f 0.05 1.08 f 0.07 
Phenylhydrazine 5.20 0.0023 f 0.0804 0.8 f 0.2 
Hydralazine 7.1 0.0261 f 0.0001 1.03 4 0.02 
Procarbazine 6.8 0.101 f 0,007 1.04 4 0.08 
Isoniazid 3.85 0.070 f 0.007 1.06 It: 0.06 
Sodium azide 4.65 0.0129 f 0.0006 1.04 f 0.08 
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Table 4. Analytical characteristics of the determination of hydrazincs, isoniazid and sodium azide in 
aqueous solutions by the initial-rate (IR) and fixed-time (FT) methods 

Slope (&SD) 
Linear (IR) mV.sec-‘.l.mole-’ Detection 
range, (FT) (lW’S- 1) limit, 

Substance lo-‘M I./mole- ’ r RSD 9 l % lo-‘M 

Hydrazine 
(IR) 
(FT), 60 set 
Phenylhydrazine 
(IR) 
(FT), 120 set 
Hydralazine, sulphate 
(IR) 
(FT), 120 set 
Procarbazine, hydrochloride 
(IR) 
(FT), 120~~ 
Isoniazid 
(IR) 
(FT), 120 set 
Sodium azide 
(IR) 
(FT), 60 set 

0.5-8 
0.5-8 

lo-100 
10-100 

5-100 
5-100 

l-50 
l-50 

S-100 
l-100 

10-500 
l&500 

620 rf: 15 
3640 f 105 

17.0 f 0.6 
222f4 

0.999 2.6 
0.9992 3.2 

0.2 
0.2 

0.9994 1.8 6 
0.9998 2.5 8 

43.2 f 0.4 0.9999 2.5 2 
937fll 0.9998 2.6 1 

151+3 0.9995 2.1 0.9 
3156f88 0.9992 2.9 0.6 

89.4 + 1.4 
1726 k 35 

18.1 f 0.3 
47.1 +4 

0.9996 2.1 1 
0.9992 1.8 0.5 

0.9997 
0.995 

3.1 
3.5 

5 
7 

*Calculated by range method (n = 3). 

higher sensitivities and lower detection limits for the 
analytical methods are expected when an electrode 
less than two years old is used. 

The proposed method was applied to the deter- 
ruination of those substances of pharmaceutical inter- 
est, in commercial formulations, oiz. hydralazine, 
procarbazine and isoniazid. The results are shown in 
Table 5. Good precision (l-2% RSD, 3 samples each 
measured three times) and good agreement with the 
reference methods were obtained. The excipients in 
the formulations analysed had no effect on the deter- 
mination. FDNB reacts only with primary and sec- 

ondary amines, phenols, mercaptans, hydrazines and 
hydrazides, so a selective determination of the drug, 
in the presence of other drugs or excipients having 
other functional groups, is possible by the proposed 
method. The very simple and selective determinations 
of hydralazine in the presence of hydrochlorothiazide 
and of isoniazid in the presence of the highly ooloured 
rifamycin are particular advantages over the usual 
analytical procedures. Most of the sample solutions 
in the assays were coloured or cloudy, and for such 
cases the superiority of ion-selective potentiometry is 
obvious. 

Table 5. Comparison of results obtained by the proposed kinetic potentiometric (initial-rate) 
and established methods for the determination of dregs in commercial formulations 

Drug and 
formulation 

Content found, mg (+ SD, n = 3, range method) 

Nominal Present Reference* 
content, mg method method 

Hydralazine HCI 
Apresoline-Esidrex (Ciba) 

Tablets? 25 25.4 f 0.5 25.8 f 0.6 
Procarbazine HCI 
Natulan (Roche) 

Capsules 50 51.3 f 1.1 50.9 f 0.6 
Isoniazid 
Dianicotyl (Chropi) 

Tablets 100 102*2 102* 1 
Rimactazid (Ciba) 

Tablets4 100 97 f 1 98&2 
Tabletst 150 153 f 2 152&2 

*Reference methook (USP, XXI): Hydralazine, indirect spectrophotometric based on the 
reduction of Fe(II1) and formation of Fe(II)-l,lO-phenantluoline complex; pro- 
carbazine, anodic polarography at pH 12; isoniazid, bipotentiometric titration with 
bromine in strong acid solution after tbe extraction of rifamycin with chloroform. 

tcontains 15 mg of hydrochlorothiazide. 
wontains 150 mg of rifamycin. 
SContains 300 mg of rifamycin. 



436 ELENI ATHANASIOU-MALAKI and MICXUL A. KOUPPARIS 

Semicarbazide and the cyclic hydrazide luminol 11. Mm, Clin. Chem., 1968, 14, 1080. 
were found not to react with FDNB. 12. N. F. Poole and A. E. Meyer, Proc. Sot. Exp. Biol. 

Med., 1958, 98, 375. 
13. J. A. Ryan, J. Pharm. Sci., 1984, 73, 1301. 

CONCLUSIONS 14. P. A. Lehmann. Anal. Chim. Acta. 1971. 54. 321. 
This work shows the usefulness of ion-selective 

electrodes in kinetic studies of reactions, in which an 
ion that can be monitored by the electrode is pro- 
duced. Furthermore it demonstrates that ion-selective 
electrodes can be used to provide simple, rapid and 
selective kinetic methods of analysis. The application 
of the proposed method in routine pharmaceutical 
control, and especially in the assay of drug com- 
binations, shows the advantages of ion-selective 
electrodes in the analysis of coloured and cloudy 
sample solutions. 
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Summary-The complex-forming properties of a fulvic acid sample have been studied by an ion-exchange 
distribution method. The results have been analysed by a novel physicochemical approach which attempts 
to take into account complications introduced by the polyelectrolyte nature and functional heterogeneity 
of the fulvic acid molecule. These studies with trace level concentrations of cobalt, zinc and europium 
show that these metal ions are selectively complexed by the weakly acidic enol grouping of the fulvic acid 
molecule. The logarithms of the stability constants (8,) for the cobalt, zinc and europium chelates are 
6.5, 6.4 and 10.3 respectively. 

The complex-forming properties of natural organic 
acids have been examined by scientists“’ whose 
major concerns have been to determine the binding 
capacities of these acids. Attempts to determine the 
stability constants of the metal complexes formed 
with these humic materials have been thwarted by the 
complexity of these natural organic acids in solution. 
Considerable interest in the problem has developed 
over the past few years, and though some progress 
has been made, the capability for achieving this goal 
has developed only slowly. 

Recently, a new physicochemical approach to the 
problem was developed.* This approach has led to a 
better understanding of the two complicating factors, 
the polyelectrolyte nature and functional hetero- 
geneity of the natural organic acid molecule, that 
have disturbed analysis of the data obtained in 
studies of proton and metal-ion binding to humic 
substances.’ Its contribution to elucidation of the 
observed properties of aqueous solutions of these 
natural organic acids is the major asset of this 
approach. It makes it possible to give an adequate 
description of the binding patterns of various metal 
ions to these natural organic acids.‘O 

This unified physicochemical approach is used in 
this paper to examine the complexation of cobalt, 
zinc and europium by an Armadale Horizons Bh 
fulvic acid. The distribution of these metal ions at 
trace level concentrations between a cation-exchange 
resin and fulvic acid in simple salt solutions has been 
measured to facilitate this study.” 

THEORY 

The distribution coefficient, Do, characterizing the 
partition of a trace metal ion between 1 g of resin in 
the counter-ion @la+) form and 1 g of a sodium salt 
(NaX) in the solution phase can be expressed as 

(1) 

In equation (1) and the equations which follow, a bar 
represents the resin phase. 

The equilibrium quotient, Q,, for the ion-exchange 
reaction between the trace metal ion and Na+ 

M’+ + z%+ = m+ + zNa+ (2) 

may be represented by 

Q. = Do([Na’l)/l~+ I) (3) 

In experiments with trace metal ions (10-L2-10-7M), 
[Na+]l is constant. Since Q,m+r is also constant, 
the logarithmic form of equation (3) yields: 

log Do = log K - z log[Na+] (4) 

where K is a constant. When a ligand L is added to 
the system, some of the trace metal ion is sequestered 
and the distribution coefficient is lowered to D, given 

by 

D = [M’+]/x[M] (5) 

where CM] = [M]r, + [Mlboundr subsequently de- 
noted by MI and Mb respectively. The relationship of 

431 



438 JAMES H. EPHRAIM ef al. 

DO and D to the complexation property of the system 
under investigation is readily obtained: 

(Do-D) Mb ” 
- = -& = ,c, m-1 D 

(6) 

where /$ is the stability constant of the ith complex 
and [L] is the effective ligand concentration. If [L] can 
be measured, one or more of the complex formation 
constants, /l,, can be resolved by this experimental 
approach. Two major assumptions are made in the 
development of equation (6), viz. that positively 
charged complexes with FA as the ligand do not 
exchange with Na+, and that physical sorption of the 
FA molecule by the resin is practically non-existent. 

EXPERIMENTAL 

Reagents 
Triply distilled water was used in preparation of all 

solutions. Analytical grade Bio-Rad cation-exchange resin, 
Ag SOWXS, 50-100 mesh, in the hydrogen-form, was con- 
verted into the sodium form and allowed to equilibrate with 
water vapour in desiccators containing saturated am- 
monium nitrate solution, for a period of one week before 
transfer to polyethylene bottles for storage. Sodium hydrox- 
ide solutions were prepared from “Dilut-it” concentrates 
(J. T. Baker). The freshly prepared solutions were transferred 
to polyethylene bottles and stored in desiccators containing 
“Ascarite” to ensure a CO,-free atmosphere. Before use, 
the sodium hydroxide solutions were standardized with 
potassium hydrogen phthalate. 

The radioisotopes ‘%Eu, 6sZn, uNa and 6oCo, in 0.5OM 
hydrochloric aicd, and with a purity of 99%, were pur- 
chased from New England Nuclear Corporation. Armadale 
fulvic acid was obtained from C. H. Langford of Concordia 
University, Canada and D. Gamble of the Soil Research 
Institute, Ottawa, Canada. 

The water content of the resin was determined by drying 
0.10-0.50 g samples under vacuum at a temperature of 
about 60” to constant weight. The resin exchange capacity 
was determined by an isotope dilution technique employing 
**Na. This was done to check that the resin was totally 
converted into the Na-form. 

Procedure 
The pH and metal ion uptake by the resin from fulvic 

acid solutions were measured as a function of degree of 
fulvic acid neutralization, for varied fulvic acid and bulk 
electrolyte concentrations. 

In a typical experiment, about l-2 &i of the radioactive 
nuclide was added to the fulvic acid (FA) solution of the 
desired FA concentration, pH and defined ionic strength. 
Two weighed aliquots of the solution were then added 
to two previously weighed (O.lW-O.50 g) samples of wet 
sodium-form resin in polyethylene bottles, which were then 
shaken for at least 24 hr in a water-bath at 25 f 0.5”. After 
equilibrium had been reached, the pH of the solution was 
determined and duplicate aliquots of the solution phase 
were removed for radioactivity measurement. Parallel ex- 
periments were performed for the same ionic strength in the 
absence of fulvic acid. These distribution measurements 
were also performed over a fairly wide range of bulk 
electrolyte concentration in order to define the distribution 
(D,) of the trace metal ion between the resin and solution 
phases in the absence of the fulvic acid. 

In a number of experiments, because of removal or 
uptake of protons by the resin, the pH of some of the 
samples had to be readjusted with additional base until the 
required pH was obtained in a final equilibration of the 
resin, salt, fulvic acid and trace metal ion mixture. Fairly 

widely differing amounts of resin were used with aliquots of 
the same original solution to check the reproducibility of the 
measurement from the values of the (D,, - D)/D ratios 
found for each set of experimental conditions. 

Radioactivity measurements were performed with a 
Canberra multichannel analyser equipped with a 3 x 3 in. 
NaI(T1) crystal as the detector. The size of the samples for 
measurement was kept identical within a few per cent to 
ensure reproducibility in the geometry of the active source. 
To ensure high statistical precision, at least 10’ counts were 
accumulated. The observed sample counts were corrected 
for background, measured over a sufficiently long time 
interval to ensure its accurate assessment. 

RESULTS AND DETERMINATION 

Background information 

In our earlier potentiometric examination of the 
Armadale FA, the apparent pK of the acid was 
determined at various neutral salt concentrations to 
relate this property to pH and the degree of neutral- 
ization, LY. The distribution studies were conducted 
over the same salt concentration range so that the 
extent of neutralization as well as the electrostatic 
contribution to pP’p could be estimated. To resolve 
the electrostatic deviation term, the following method 
was employed. The pH at equilibrium was related to 
the degree of neutralization of the fulvic acid mol- 
ecule, u, and hence to the apparent dissociation 
constant, pK’PP. From plots of degree of neutraliz- 
ation, U, and the electrostatic contribution, obtained 
earlier for the experimental ionic strength, the 
electrostatic contribution of each sample could be 
estimated. 

It was in the course of this metal-humate inter- 
action study that the selective removal of Zn(II), 
Co(I1) and Eu(II1) ions from solution was linked 
directly to the weakly acidic enol site of the Armadale 
FA. The extent of complexation through chelation by 
the dihydroxy assembly initially proposed for this 
acidic sitelo required much too large a formation 
constant to be considered as the principal reaction 
path. Formation constants reported in the literature 
for such chelates (e.g., catechol)i2 were orders of 
magnitude smaller than the constants needed to 
correlate the ion-exchange distribution data. It was 
necessary to suggest that carbonyl groups replaced 
10% of the phenolic part of the dihydroxy group.” 
The magnitude of the formation constant calculated 
for such a chelate with this estimate is in reason- 
able enough agreement with the constants reported 
for analogous chelates (e.g., acetylacetonates) to 
justify this rationalization.‘* 

Unambiguous identification of the weakly acidic 
hydroxyl group as the site responsible for the selective 
complexation of Zn(II), Co(I1) and Eu(II1) by the 
Armadale FA was effected in the following way. 
Literature values for the stability constants of the 
complexes formed by these metal ions with the 
functional groups assigned to the Armadale FA’* 
were employed in the procedure developed in the 
Cu(II)-FA study” to predict the amount of bound 
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metal ion for each experimental condition. Because of 
free-energy considerations as discussed earlier,’ the 
only chelation path considered in these computations 
as accessible to the metal ion was chelation by the 
dihydroxy grouping associated with the weakly acidic 
OH site. Comparison of such estimates of the ratios 
of bound metal, (Mb), to free metal, (M,), with the 
experimentally observed ratios (Do - D)/D showed 
that the experimentally determined bound metal to 
free metal ratio, (Mb/i&),, was always much larger 
than the corresponding calculated ratio, (Mb/M,), . 
This difference was treated as shown below. To 
identify the acidic FA site responsible for the extra 
complexation the (MHcj - M&/M;+ ratio was first 
divided by y,(exp)‘ad and equated to flMulA to give 

Mb(e) - Mwc, 
Mf+y,(exp)‘aA = 

B MA 
(7) 

where ys, represents the single-ion activity coefficient 
assigned by Kielland” to the ion M’+ at the experi- 
mental ionic strength, (exp)’ corresponds to the elec- 
trostatic correction term applicable to MI+ at the 
experimental pH and ionic strength (Fig. 24 in ref. 9), 
and a and A are respectively the degree of dis- 
sociation and the abundance of the acidic group 
involved in the complexation reaction and un- 
accounted for in the earlier summation of metal-ion 
binding reactions. In the experiments at 20 ppm FA 
concentration level the electrostatic correction term 
was increased by 0.15-0.20 to account for the dis- 
placement of pK$&” observed at this FA concen- 
tration leveL9 The values of a, A and /I were not then 
available, of course, and experimental points treated 
by equation (7) had to be expressed as the products 
aA&,. By dividing one such experimentally based 
product by the next as shown below: 

the a could be obtained as a function of pH. The 
constant terms, A and /IMA, cancel to leave (n - 1) 
relationships between the na-values. Suitable assign- 
ment of a value to a, on a trial and error basis, quickly 
resolved the intrinsic pK of the acidic unit responsible 
for the selective complexation reaction. When the a, 
values, so resolved, were combined with the corre- 
sponding experimental pH value and the appropriate 
electrostatic correction term in equation (9) the most 
suitable assignment of a, resulted in a pK;X value of 
5.65 + 0.2: 

pKgA = pH - log (9) 

This pK value is close enough to the pK value of 
the enol group that has already been assigned to the 
Armadale Horizons Bh fulvic acid on the basis of our 
earlier investigation of its protonation in aqueous 
media,9 for it to be identified with the selective 
complexation of Zn(II), Co(I1) and Eu(II1). 

Computation procedure 

It was observed that correction for the binding of 
Eu(II1) by the other sites was small enough to be 
neglected and the ion-exchange distribution data 
were used directly in equation (lo), below, to com- 
pute the formation constant of the chelate formed 
by its interaction with site IV, the carbonyl+nol 
assembly.’ 

[Eu$] = (D, - D) 

D(exp)3y,,[FA,la,vA,vf 
(10) 

In this equation FA, refers to the molarity, calculated 
on a monomer basis, of the FA source, A,” is equal 
to 0.3, the fractional abundance of the weakly acidic 
OH site: alv is the degree of dissociation of this site 
and f, equal to 0.10, is the fractional frequency of 
substitution of carbonyl groups for the phenolic OH 
groups ortho to the weakly acidic OH group of the 
fulvic acid molecule. 

With the Zn(I1) and Co(I1 jFA systems, however, 
correction for binding of these ions to the sites had 
to be made. Even though the magnitude of this 
correction term was also much smaller than the total 
binding experienced, it was usually still too large to 
be neglected. Literature-based constants for the uni- 
and bidentate complexes considered to be formed by 
these trace metal ions with the various acidic groups 
of the FA molecule were used to facilitate the series 
of computations involved. 

For the computation of the quantity of metal ion 
bound in the unidentate mode to each of the four 
acidic sites assigned to the Annadale FA molecule in 
an earlier study,’ single /I., values of 50 for the Zn(I1) 
complex and 30 for the Co(I1) complex were assigned 
from the literatureI for use in equation (11): 

II-l” n-IV 

c MWuti)iMf = kdM(exP)2 1 iFATiAnan ci l) 
n-1 “-1 

Unlike that of Cu(II), the degree of interaction of 
these ions with a weakly acidic carboxylic or hydroxy 
group is, because of the much lower covalency in the 
bond formed, much less susceptible to the acidic 
strength of the group. This justifies the assignment of 
a single literature-based formation constant to the 
series of unidentate complexes in accounting for the 
metal-ion binding. 

The sequence of computations presented below 
was made for estimation of the quantity of metal ion 
complexed by the more weakly acidic groups (amino 
and phenol) positioned ortho to the acidic groups 
identified in our earlier study.’ The carboxylic acid 
group, with a fractional abundance of 0.30 and an 
intrinsic pK of 3.40, on the basis of our earlier study,’ 
was presumed to have both -OH and -NH, groups 
ortho to it. The resultant salicylate-like group was 
presumed to have a fractional abundance of 0.23, the 
remainder (A = 0.07) being assigned to the proposed 
aminocarboxylic acid assembly. The respective con- 
tributions to the removal of metal ion from solution 
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were determined with equations (12) and (13) 

(&IMr)s, = K;& 
0.23 &exp) all [FArI 

[H+IYH 
(12) 

Values of 7.1 x lo-’ and 5.2 x lo-’ for K&$ for 
Zn(I1) and Co(I1) were arrived at by using the 
literature values” of /_IMs, (7.1 x lo6 and 5.2 x lo6 
respectively). Values of 3.4 x 10e4 and 3.7 x lop4 
assigned to K2Ano for Zn(I1) and Co(I1) were arrived 
at by using the literature values” (3.4 x lo6 and 
3.7 x 106) for /_IMlarmao. The pK, values for the sali- 
cyclic and amino groups (13 and 10 respectively) were 
used to describe the dissociation of OH and NH2 in 
the corresponding assemblies in the FA molecule. 

Estimation of the Mb/M, contribution by 90% of 
the dihydroxy sites (site IV) used a similar approach. 
The Kf$j&, value of 1.6 x 10m2 assigned to Zn(I1) and 
Co(I1) was based on the value used to predict the 
binding of the Cu(II)-dihydroxy complex” and the 
observation that complexes of Co(I1) and Zn(I1) were 
significantly similar.13 

Results 

To test the validity of the distribution measure- 
ments, the log Do values obtained as a function of salt 
concentration with trace level concentrations of 
Eu(III), Co(I1) and Zn(I1) are plotted in Fig. 1 us. the 
logarithm of the activity of the Na+ ion at the various 
salt concentration levels examined in the experi- 
mental programme. Such a plot, according to equa- 
tion (3), should yield a straight line with a slope 
numerically equal to -z, where z, as noted earlier, is 
the charge of the trace cation under investigation. 

6 

0 
0.0 0.4 0.3 1.2 1.6 2.0 

-log NaCl 

Fig. I. The dependence of the distribution coefficients (DO) 
of Eu(III), Co@) and Zn(II) on the concentration of bulk 

electrolyte. 

v Zn(FA=%7E-r:I=O.lO) 

PH 

Fig. 2. The variation of the distribution coefficient (0) of 
Zn(I1) in the presence of fulvic acid, as a function of pH. 

The slopes of the lines drawn through such plots of 
the distribution data are - 3.01, -2.02 and -2.05 
for Eu(III), Co(II1) and Zn(II), in agreement with 
expectation. This shows that in the salt concentration 
range examined, the assignment of a constant Na+ 
content to the resin in the development of equation 
(3) is indeed justifiable. 

In Figs. 2-4, the log D values measured for the 
three trace metal, FA, NaCl, NaR systems in- 
vestigated is plotted vs. the pH measured concur- 
rently. The value of log D decreases with increasing 
pH in these plots, showing that the degree of com- 
plexation increases with pH as expected. With the 
Zn(I1) system (Fig. 2) plateaus in log D appear to be 
reached at low (-3.5) and high (-6.3) pH-values. 
With the Co(I1) system (Fig. 3) a plateau in log D 
occurs at the same low pH but no second plateau is 
observed in the high pH region, even above pH 7. 
Since evidence for a log D plateau at pH > 6.3 is 
based on only one point in the Zn distribution study, 
whereas the many data points obtained in the Co(I1) 
distribution experiments at pH > 6.3 and up to and 
exceeding pH 7 provide no corroborating support for 

7 

I 

V - Co(FA=O.3E-4;1=0.01) 

6 
q - Co(FA=l.OE-4iI=O.O1) 
O- Co(FA=9,3E-4;1=0.10) 

PH 

Fig. 3. The variation of the distribution coefficient (0) of 
Co(I1) in the presence of fulvic acid, as a function of pH and 

ionic strength. 
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Fig. 4. The variation of the distribution coefficient (D) of 
Eu(III) in the presence of fulvic acid, as a function of pH 

and ionic strength. 

the appearance of this plateau, it is reasonable to 
question the validity of this lowest log D value in 
Fig. 2; the curve drawn in Fig. 2, therefore, ignores 
the log D value obtained for Zn(I1) at the highest 

PH. 
In the Eu(III)-FA system a plateau in log D is 

reached at a pH value of about 6.3. The experimental 
pH never reaches a low enough value to develop the 
plateau in log D that is expected to occur in the low 
pH range. 

The appearance in the Zn(II)- and Co(II)-FA, 
NaCl, NaR systems of a plateau in log D at pH 
values below 4 (Figs. 2 and 3) is to be expected. Over 
this pH range the dissociation of the group re- 
sponsible for their selective complexation is small. 
Since the formation constant of these metal ions with 
the (-R-CO-COH), group is too low to affect re- 
moval of the trace ions from solution, under these 
conditions the value of D must approach Do, to yield 
the observed plateau. For Eu(III), which binds much 
more strongly to the (-R-CO-COH), grouping, it is 
obvious that the pH at which the value of D levels off 
must be even lower than for Zn(I1) and Co(I1). 

The appearance in the Eu(III)-Fa, NaCl, NaR 
system of a plateau in the plot of log D U.S. pH 

(Fig. 4) at pH > 6.3, whereas no such plateau is 
observed for the Co(I1) system (Fig. 3) is more 
difficult to explain. A plateau at high pH is expected 
for both systems since the availability of the ligand 
(-R-CO-CO-), in this high pH range can increase by 
not more than a factor of about 2, limiting the change 
in log D to approximately 0.3, as observed with the 
Eu(III) system. This unexpected contrast in behav- 
iour of the two systems may be a consequence of the 
difference in the complexation and hydrolysis proper- 
ties of these two ions. In the case of Eu(II1) the 
tendency for complexation of this metal ion by the 
(-R-CO-COH), grouping may be large enough to 
keep the quantity of tcrvalent ion present in solution 
low enough to minimize formation of Eu(OH)~+ and 
Eu(OH)$ even when the pH is raised significantly. 
With Co(U), hydrolysis may be the controlling factor 
because of the lower formation constant of 
Co(-R-CO-CO-): ; the value of D in this instance is 
apparently lowered by the competitive formation of 
hydroxo-complexes of Co(I1). For example the reac- 
tion Co2+ + 2H20 + Co(OH), + 2H+, has a reported 
constant of 3.16 x 1O-1’.‘4 At pH 7.0, the ratio of 
Co(OH), to Co’+ is thus 3.16 x 103. This competitive 
formation of hydroxo-complexes of Co(I1) at high 
pH values may account for the absence of a plateau 
in the log D vs. pH plots for the Co(II)-FA, NaCl, 
NaR system. 

Finally, the effect of ionic strength and initial FA 
concentration levels on log D as a function of pH was 
briefly surveyed in Fig. 3. Examination of this figure 
shows that these variables have little effect on the 
general shape of the three curves; their slopes are 
approximately the same, 0.7. Lowering the ionic 
strength (lower two curves) or the initial FA concen- 
tration (upper two curves) by a factor of 10 while 
keeping the second variable unchanged lifts the 
curves by about the same factor (A log D 2 1). 

Any quantitative assessment of the significance of 
these observed properties of D has to wait for 
analysis of the distribution data with equation (7). 
The results of such analyses are summarized for 
Zn(II), Co(I1) and Eu(II1) in Table 1. 

Table 1. Stability constants cS,,_aXocoP - ), . ) for the selective binding of 
zinc, cobalt and europium by the enolic grouping of the Armadale 

Horizon Bh fulvic acid 

Ionic 
Metal Fulvic acid, strength, 

ion M M pH range Stability constant 

Zn*+ 9.70 x 10-4 0.100 3.4-6.5 (2.51 f 0.92) x lo6 
co2+ 9.31 x 10-d 0.010 3.6-4.5 -2 x 10’ 

5.0-7.3 (5.0 f 1) x 106 
co*+ 9.97 x 10-S 0.010 4.3-6.7 

;;:: 

(2.0 f 0.9) x 106 
9.28 x 1O-4 0.100 3.46.8 (2.9 f 0.8) x lo6 
9.00 x 10-5 0.010 4.9-5.3 (2.7 f 0.4) x 10” 

Eu’+ 1.80 x 1O-4 0.010 4.7-5.3 1.2 x 10” 
5.6-9.6 (5 f 2) x 10’0 

Eu’+ 1.30 x 10-d 0.050 4.3-4.9 (1.1 f 0.4) x 10’0 
Eu’+ 9.00 x 10-d 0.100 3.9-5.0 (3.5 f 0.7) x 10’0 
Eu’+ 9.00 x 10-5 0.300 3.6-3.8 (2.9 0.5) f x 1O’O 
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The evaluation of D and consequently of 
(D,, - D)/D and /.I is susceptible to greatest error at 
low and high pH values, where propagation of errors 
in the evaluation of D becomes sizable. At low pH the 
amount of radioactivity left in solution approaches 
the background. Even as small an error as 1% in 
measuring the gross activity (which includes the 
background) can yield an absolute error of about 
50-100% in some cases. The danger of error propa- 
gation at high pH is attributable to the fact that most 
of the radioactivity is left in solution and the com- 
putation of the distribution coefficient involves the 
difference between two large numbers that can be 
very nearly the same and have practically the same 
variance. Again a 1% error in the counting can 
produce a much larger error in the computation of 
the distribution coefficient. 

The ion-exchange distribution data compiled in 
the studies carried out with 65Zn in O.lOM sodium 
chloride and 9.7 x 10m4A4 FA over the equilibrium 
pH range from 3.4 to 6.5 (Table 1) yield consistent 
values for Bznc_s-ccrco~,:. They lead to the value 
2.5 f 0.9 x lo6 for the formation constant. 

The ion-exchange distribution data for 6oCo as a 
function of pH were obtained in three separate 
experiments. One of these mimicked the conditions of 
the study with trace 6sZn (9.28 x 10e4M FA and 
0.1 OM sodium chloride) and the &Oc_R-co_o,_-,~ value 
of 2.9 If: 0.80 x lo6 obtained is quite close to the /? 
value obtained for the Zn compex with the keto-enol 
grouping proposed as a chelating site in the Armadale 
Horizons Bh fulvic acid molecule. 

In the two additional experiments run at the lower 
ionic strength of O.OlOM the one with more dilute FA 
(9.97 x IO-‘M) yields results (B = 2.0 &- 0.9 x 106) 
consistent with those obtained at the higher ionic 
strength. The second low ionic-strength experiment, 
with FA concentration raised almost IO-fold, pro- 
duces a set of data which, in the same pH range, yield 
p values much too large and inconstant. Between pH 
3.5 and 4.5 the /I value falls from 3 x 1O’to 1.1 x 10’. 
In the higher pH range (5-7.5) the /3 value found 
levels off at 5 +_ 1 x 106. 

The discrepancy between these results can be par- 
tially rationalized. The Na+ concentration of O.OlM 
is raised to almost O.OllM in the system where the 
higher concentration of FA is employed. This leads 
to an overestimate of D, by approximately 30%. This 
in turn results in a 30% overestimate of /I. On this 
basis the /I value may be reduced from 5 x lo6 to 
3.8 x 106, and then falls on the upper boundary of the 
earlier 2.9 + 0.8 x lo6 estimate. The anomalous dis- 
tribution behaviour for “Co in the low pH range is 
much more resistant to rationalization. At the lowest 
pH values encountered the quantity of Na+ in the 
resin during the D,, measurements has to be reduced 
by the square of the factor [Na+]/([Na+] + [H+]) for 
calculation of D,. At the lowest pH encountered this 
amounts to (0.01/0.01032)2 and produces only a 6% 
reduction in D,, and ~cOcacoco,~. This perturbation 

of the system is obviously not responsible for the 
rejection of 6oCo by the resin. 

The second set of data were compiled for a tenfold 
higher concentration level of FA. The value of D, 
which is close to D, in the low pH region, should 
have been somewhat less susceptible to the poten- 
tially large error possible in that region as a con- 
sequence of the higher fulvic acid concentration. 
The numbers obtained in the low pH region for 
~coc,tcWo,~, though error prone, could not possibly be 
the source of the discrepancy between the two sets of 
data. 

It is well known that at low pH fulvic acid is 
adsorbed on uncharged polystyrene spheres. It is this 
property of fulvic acid that is the basis for its recovery 
from aquatic sources. Is It might be suspected that this 
could lead to some adsorption of fulvic acid by the 
polystyrene sulphonated resin in the distribution 
studies. However, such a tendency should lead to low 
estimates of the metal-ion binding to FA at low pH 
rather than the higher binding tendencies actually 
encountered at low pH. 

The other explanation for the extra interaction of 
@Co with FA in the low pH range when the FA 
concentration is raised from 10m4M to 10m3M seems 
to involve the dipole character of the fulvic acid 
molecule at low pH, which has been invoked in 
explaining its potentiometric properties during 
neutralization with base in non-aqueous medial0 and 
is expected to lead to metal-ion adsorption through 
ion-dipole interaction. This phenomenon can be ex- 
pected to be most noticeable at low pH and low ionic 
strength, where screening of such dipole interaction 
would be small. 

Results of the ion-exchange distribution studies 
made with solutions of ‘“Eu and FA at four different 
salt concentrations are also presented in Table 1. In 
0.30M sodium chloride the /l value obtained from a 
limited number of points measured at low pH 
(3.6-3.8) is 2.9 f 0.5 x lOlo. The average value ob- 
tained for &_scOCo);+ in 0.1 OM sodium chloride over 
the pH range from 3.9 to 5.0 is 3.5 f 0.7 x lOlo. 
The measurements of D in 0.05M sodium chloride 
give a /l value of 1.1 + 0.4 x 10” over the pH 
range 4.35-4.90. The FA concentrations in these 
separate experiments were 9.0 x 10e5, 9.0 x 10V4 and 
1.3 x 10e4M, respectively. 

Once again the two series of distribution measure- 
ments at the lowest ionic strength examined yield 
anomalous results. An average /l value of 
2.7 + 0.4 x 10” was obtained when the FA concen- 
tration was 9.0 x lO_jM and the pH ranged from 
4.95 to 5.31. In the second series of experiments, 
where the FA concentration was doubled to 
1.8 x 10W4M, the /3 value over the pH range from 4.7 
to 5.3 averaged 1.2 x 10”. Extending the pH range to 
5.6-9.6 lowered the /I value to 5 + 2 x 10”. 

Such sensitivity of the formation constant to ionic 
strength and pH in this study of Eu(II1) complexation 
by FA is comparable to the sensitivity of /IcocRcoco,: 
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in the corresponding experiments with trace concen- 
trations of Co2+. Once again low pH and low ionic 
strength appear to interfere with this kind of study, 
because of ion-dipole interaction at the charged 
surface of the fulvic acid molecule. At high pH such 
interaction becomes less important, and high ionic 
strength screens the charged surface of the molecule 
more effectively. Selective exclusion of counter-ions 
from the hydrophobic fulvic acid molecule might 
account for the sensitivity of the formation constants 
to ionic strength and pH. Use of the previously 
determined electrostatic correction term (Fig. 24 of 
ref. 9) becomes uncertain because the different 
counter-ions experience different potentials rela- 
tive to the charged surface of the hydrophobic FA 
molecule. 

On this basis of our interpretation of the results in 
Table 1, the best formation constant value for the 
proposed Eu(III) complex, 

H 

Eu 

is -2.0 x lOlo, and the /I values for the Zn(I1) 
and Co(I1) complexes are 2.5 x lo6 and 2.9 x 106, 
respectively. 

The stability constant obtained for the 
europium-fulvic acid system is consistent with the 

value obtained by Berta and Choppinr6 in their 
studies of the interaction of europium(II1) with humic 
and fulvic acids. 
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Institut de Topologie et de Dynamique des Systemes, de I’Universite Paris VII, associe au CNRS, 1, 
rue Guy de la Brosse, 75005 Paris, France 

(Received 12 July 1988. Revised I1 Ocrober 1988. Accepted 17 November 1988) 

Summary-Room-temperature phosphorescence (RTP) spectra of eleven purines and pyrimidines ad- 
sorbed on Whatman No. 40 filter paper have been determined in acidic, neutral and basic media. RTP 
excitation and emission wavelengths do not vary significantly with pH. For most compounds, use of basic 
(pH _ 13) solutions yields stronger RTP signals than use of neutral or acidic (pH N 1.6) solutions. 
Exceptions are adenine, theobromine and theophylline, which give larger RTP signals when in neutral than 
in basic conditions. The existence of differences in phosphorescence quantum yields between the various 
ionic species as well as of specific pH-related interactions with the substrate is discussed. Absolute limits 
of detection, ranging between 0.4 and 38 ng for selected compounds, depend on the pH of the analyte 

Purine and pyrimidine derivatives constitute a 
class of compounds of great importance in bio- 
chemistry, clinical chemistry, and pharmacology, 
and their photochemical reactions have been the 
object of several investigations.‘-” Their photo- 
physical characteristics have also been extensively 
examined.11-24 There are also several reports on 
the effect of pH on the luminescence of purine 
and pyrimidine derivatives.2S33 Borresen25v26 and 
Longworth et al. 28 found that the acidities of the 
excited singlet and triplet states of adenine and 
several other purines and pyrimidines were 
significantly higher than those for the ground states. 
Aaron and Winefordner29 determined the excited 
triplet state dissociation constants of several purines 
at 77 K, and observed pK differences ranging 
between 0.6 and 3.8 from the ground-state values. 
The pH-related shifts of the fluorescence and phos- 
phorescence bands of sixteen purines and pyrimidines 
were also interpreted by Parkanyi et al.” in terms of 
excited state equilibria. In the equilibria between 
cation and neutral species, the basicity of most 
derivatives increased in the excited singlet and triplet 
states relative to the ground state. In the equilibria 
between neutral and anion species, all purines and 
pyrimidines were found to be more acidic in the 
excited singlet state. 31 Al-Mosawi et aL3* investigated 
the phosphorescence of 6-mercaptopurine and its 
derivatives in acidic, neutral and alkaline ethanol 
glasses at 77 K and also of these compounds 
adsorbed on cellulose thin-layers at 77 K and at room 
temperature. A simple, pH-controlled fluorimetric 

*Author to whom correspondence should be addressed. 

method has been proposed for the determination 
of purines and pyrimidines.33 More recently, pH 
effects on the low-temperature and room-temperature 
fluorescence and phosphorescence spectra and in- 
tensities of caffeine and theophylline have been 
studied by Andino et a1.24 

In a recent paper,34 we reported the interest in using 
room-temperature phosphorescence (RTP) for the 
determination of biologically important purines on 
filter paper. The presence of heavy ions such as Tl+, 
Pb*+ and I- leads to a significant enhancement of 
RTP signals. We found absolute limits of detection 
ranging from 400 pg (purine) to 19 ng (theophylline). 

In the present study, the effect of pH on the 
room-temperature phosphorescence properties of 
selected purines and pyrimidines, on filter paper as 
substrate, is evaluated. Its potential usefulness for 
the determination of these compounds is also 
demonstrated. 

Apparatus 
EXPERIMENTAL 

All excitation and emission RTP spectra were obtained 
with a Perkin-Elmer model LS-5 luminescence spectro- 
photometer. Delay and gate times of 0.1 and 9 msec 
respectively were used. Band-widths of 10 and 2.5 nm were 
chosen for the excitation and emission monochromators 
respectively. A laboratory-constructed sample holder was 
placed in the sample compartment of the LS-5 spectro- 
photometer and allowed the use of 80-mm2 filter paper 
rectangles. During all RTP measurements, the sample 
compartment was flushed with dry nitrogen. 

Reagents 
The chemicals used were adenine, caffeine, 

6-chloropurine, cytosine, 5-fluorouracil, guanine, 
6-mercaptopurine, Cmethylpurine, purine, theobromine, 
theophylline, 2-thiouracil, thymine and uracil (Aldrich). 
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Table 1. Room-temperature phosphorescence spectra of purine and pyrimidine 
derivatives under various conditions 

Compound* Conditions nf: ,nm nL.,nm 

Adenine 

Caffein& 

6Chloropurine 
Guanine$ 
6-Mercaptopurine 

6-Methylpurine 

Purine 
Theobromine 

Theophyllinell 

Neutral 
1M NaOH 
Neutral 
O.lM HCl 
1M NaOH 
1M NaOH 
1M NaOH 
Neutral 
O.lM HCl 
1 M NaOH 
Neutral 
1M NaOH 
1M NaOH 
Neutral 
O.lM HCl 
1M NaOH 
Neutral 
O.lM HCl 
1M NaOH 
Neutral 
1M NaOH 
1M NaOH 

(256), 268, (275) (395), 415,430 
(256), 266, (275) (398), 416,430 
283 438 
(269), 278 440 
(269), 280 435 
280 &8 
(255), (268), 280 435 
255,340 465 
255,335 475 
255, (265), 317 465 
267 438 
278 435 
278 &7 
280 440 
280 442 
280 440 
282 435 

2-Thiouracil 

275 435 

% 255 
435 

3-9 270 325 450 
(258), 2&5,3d7 435 
294 445 Thymine 

*Concentration 10-3M in 1M potassium iodide solution unless otherwise noted. 
tWavelengths of the main peaks are underlined; wavelengths of shoulders are 

given in parentheses; precision of wavelength + 1 nm. 
@Concentration 5 x 10m4M. 
$Concentration 1 x 10w4M. 
llConcentration 5 x 10m4M in neutral solvent. 

Potassium iodide (Normapur) was obtained from Prolabo 
(Paris). An ethanol-water (70:30 v/v) mixture was used as 
solvent. Whatman No. 40 filter paper was utilized as 
substrate. 

Procedure 
Portions (3 ~1) of sample solution (or solvent) and 2 ~1 

of 1M potassium iodide were added successively by means 
of 5-~1 Hamilton syringes onto the filter-paper rectangles 
which were held in the sample holder. The samples were 
then dried in a stream of hot air for 1 min. Immediately 
afterwards, the samples were allowed to dry for between 
3 and 15 min, depending on the compound, under a flow of 
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Fig. 1. Effect of pH on the excitation and emission RTP 
spectra of theobromine (10m3M) on W-40 filter paper, in the 
presence of 1M KI: ---- neutral solution (sensitivity 
x0.8); - acidic (O.lM HCl) solution (sensitivity x 1); 

Fig. 2. Effect of pH on the excitation and emission RTP 
spectra of 6-mercaptopurine (10e3M) on W-40 filter paper, 
in the presence of 1M KI: . . . neutral solution (sensitivity 
x 1); - acidic solution (sensitivity x4); ---- basic (1M 

. . . . . basic (1M NaOH) solution (sensitivity x 5). NaOH) (sensitivity x 1). 

dry nitrogen in the sample compartment of the spectro- 
photometer. RTP measurements were. then made. 
Ethanol-water (70: 30 v/v) solutions of purities were freshly 
prepared. Acidic solutions were approximately 0.1M in 
hydrochloric acid @H N 1.6) and basic solutions were 
approximately O.lM in sodium hydroxide (PH _ 13). 

RESULTS AND DISCUSSION 

RTP spectral characteristics 

Except for uracil, S-fluorouracil and cytosine, all 
the purine and pyrimidine derivatives under study 
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presented RTP spectra when adsorbed on Whatman 
No. 40 filter paper in the presence of 1M potassium 
iodide. The RTP excitation and emission wave- 
length maxima under neutral, basic and acidic 
conditions are given in Table 1. 

pH effects on RTP intensity 

Table 2 gives the net RTP relative intensities 
measured for the purine derivatives in the three media 
used. 

The RTP spectra did not vary appreciably with the It can be seen that the pH of the sample solution 
pH of the sample solution (Fig. l), with the exception has a marked but variable effect on the phosphor- 
of 6-mercaptopurine and 2-thiouracil, which pro- escence signal, depending on the compound under 
duced a moderate red-shift of their emission maxima study (Table 2). With the exception of wacil, 
on going from pH 7 to 1.6 for the former (Fig. 2) and 54uorouracil and cytosine, all purines and pyrim- 
from pH 13 to 7 for the latter (Table 1). However, the idines are phosphorescent at room temperature in 
poor resolution of RTP spectra did not allow us to alkaline media. In contrast, purine, 6-chloropurine, 
detect small pH-related changes which might occur in guanine and thymine do not phosphoresce in neutral 
the spectra. Our results are in agreement which those or acidic media, and adenine 6-methylpurine and 
of Andino et a1.24 who also found that the RTP 2-thiouracil do not given an RTP signal in acidic 
spectra of caffeine and theophylline did not change media, but are phosphorescent at pH 7. Except for 
significantly with pH. adenine, theobromine and theophylline, the use of 

Table 2. Comparison of RTP intensities of purine and pyrimidine 
derivatives under various conditions (sample volume 3 ~1, concentration 

lo-“M in 1M potassium iodide solution unless otherwise noted) 

Adenine 

Caffeine 

6Chloropurine 

Guaninet 

6-Mercaptopurine 

6-Methylpurine 

Purine 

Theobromine 

Theophylline 

2-Thiouracil 

Thymine 

PH 
conditions 

Neutral 
O.lM HCl 
1M NaOH 
Neutral 
O.lM HCl 
1M NaOH 
Neutral 
O.lM HCl 
1M NaOH 
Neutral 
O.lM HCl 
1M NaOH 
Neutral 
0.M HCl 
1M NaOH 
Neutral 
O.lM HCl 
1M NaOH 
Neutral 
O.lM HCl 
1M NaOH 
Neutral 
0.M HCl 
1M NaOH 
Neutral 
O.lM HCl 
1M NaOH 
Neutral 
O.lM HCl 
lit4 NaOH 
Neutral 
O.lM HCl 
1M NaOH 

Net RTP 
relative 

intensity ~ILiC 

96 2.0 
NP - 
47 1.0 

632 0.92 
418 0.6 
686 
NP 
NP 

FE 
NP 

1.0 
- 
- 
1.0 
- 
- 

6 0.002 
29986 1.0 

I” 0.03 
NP - 
210 1.0 
NP - 
NP - 
137 1.0 
668 2.1 
266 1.1 
246 1.0 
4115 5.9 
164 2.3 
70 1.0 

1 0.01 
NP 
85 

NP 
NP 
41 

- 
1.0 
- 
- 
1.0 

*Net RTP relative intensity was corrected for background phos- 
phorescence intensity and normalized to the RTP intensity of a lo-‘M 
2-thiouracil neutral solution spotted on Whatman No. 40 filter paper; 
RSD = 7%. NP = no phosphorescence. 

VI/I,, represents the ratio of the RTP relative intensity to that for the 
basic (l&f NaOH) solution, 

4A 10% neutral density filter was used. 
$Concentration 1 x 10-4M. 
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Table 3. RTP analvtical fixures of merit of selected ourines and ovrimidines* 

Compound 
log/log Correlation Absolute LODJ 

Conditions LDRt SlOpe coefficient 7% 

6-Mercaptopurine Neutral 500 0.84 0.993 1.2 
IM NaOH 150 1.3 0.999 0.4 

6-Methylpu~ne Neutral 80 0.79 0.980 5.0 
1114 NaOH 1 IO0 0.71 0.993 0.2 

2-Thiouracil Neutral 10 1.48 0.975 38 
IM NaOH 25 1.23 0.996 15 

*Evaluated on W-40 filter paper, with 1M KI solution. 
tLDR = linear dynamic range, corresponding to the ratio of the upper concentration limit of 

linearity (within 5%) and the LOD. 
$LOD = limit of detection, defined as the amount of analyte giving a signal-to-noise ratio of 

3, for a 3-~1 sample. 

basic solutions yields stronger RTP signals than those 
from acidic or neutral media. Since the excited triplet- 
state pKz values of purines range between about 5.0 
and 1 I. 1 ,3’ only anionic species can be present on the 
surface of the paper when basic sample solutions 
(PH N 13) are used. Therefore, larger phosphor- 
escence quantum yields of anionic species could cause 
the higher emission intensities observed from most 
alkaline purine solutions. There may also be a polar 
interaction between the negative charge of the anionic 
species and the hydroxyl groups on the paper, 
resulting in an increase in the phosphorescence 
intensity. 

Adenine, theophylline and theobromine seem to 
be more sensitive than caffeine to the pH of the 
sample solution. The RTP intensities obtained from 
basic solutions of the three compounds adsorbed 
on Whatman No. 40 paper are 48.5, 17 and 37%, 
respectively, of their values in neutral medium, 
whereas the intensity for a neutral solution of caffeine 
is about 92% of that for a basic medium. It is highly 
probable that caffeine, because of its high ground- 
state pK, of 14, is mainly present as the neutral 
form, on the surface of the paper, in both cases. 
Consequently, the RTP signal does not vary strongly 
in this region of pH. In contrast, as expected from the 
pK* values of adenine, theophylline and theobromine 
(9.8, 10 and 8.7, respectively), either neutral or 
anionic species would be present on the paper, 
depending on whether the solution is neutral or 
basic. The RTP intensity would then depend on the 
respective phosphorescence quantum yields and/or 
specific interactions between the substate and the 
neutral and anionic forms. Similar obse~ations were 
made by Andino et aLz4 on the RTP of basic and 
neutral caffeine and theophylline solutions adsorbed 
on Whatman No. 1 and DE-81 filter papers. 

In the case of 6-mercaptopurine, the effect of pH 
is especially striking, since the RTP intensity is 
about 80 and 500 times higher in basic than in neutral 
and acidic solutions, respectively (Table 2). This 
behaviour can be attributed to the formation of a 
doubly-charged anion resulting from the successive 
deprotonation of the mercapto and NH-9 groups 
at neutral and moderately basic pH values. 

Strong hydrogen-bonding type interactions would be 
expected to take place between the double negative 
charge of the anionic species and the hydroxyl groups 
of cellulose, provoking a considerable enhancement 
of the RTP signal in basic medium. 

Acidic solutions of caffeine, 6-mercaptopurine, 
theobromine and theophylline, spotted on W-40 
paper, present weak, but significant RTP intensities, 
~rresponding respectively to 66, 16,398 and 39.9% 
of their values in neutral media. In contrast, Andino 
et aLz4 observed that acidic soiutions of caffeine and 
theophylline gave no phosphorescence when spotted 
on Whatman No. 1 paper, but did on DE-81 and 
P-81 papers. These substrate-related discrepancies 
may be due either to acid-base neutr~i~tion 
reactions, or to protonation of the organic molecules 
and/or protonation of the active sites of the cellulose 
polymer, depending on the kind of papers.24 Both 
phenomena should cause considerable changes in the 
substrateanalyte interactions and consequentIy in 
the phosphorescence emission intensities. Analogous 
filter-paper substrate effects on RTP intensity of 
indole-carboxylic acids have been noted recently.3s 

Quantitative considerations 

Our results show that the choice of pH is important 
for improving the sensitivity of room-temperature 
phosphores~n~ in the dete~ination of purines and 
pyrimidines. The RTP analytical figures of merit for 
selected compounds in basic and neutral media are 
given in Table 3. The log-log calibration curves 
am characterized by relatively large linear ranges, 
between 25 and lo3 in basic, and 10 and 500 in neutral 
solutions, but the slopes range from about 0.7 
to about 1.5; no reason for this has yet been found. 
The correlation coefficients are larger than 0.97, so 
the precision is satisfactory. As expected from the 
change in RTP intensity with pH, the absolute limits 
of detection (LOD) are lower for basic (ranging 
between 0.4 and 15 ng) than for neutral medium 
(between 1.2 and 38 ng). Our LOD of 0.4 ng for 
6-mercaptopurine in alkaline solution is one order of 
magnitude lower than that reported for the same 
compound by Al-Mosawi et al.‘* for RTP on a 
cellulose thin-layer. An LOD of 0.05 ng for 
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6-mercaptopurine has also been obtained by thin- 14. 

layer phosphorimetry at 77 K.32 Thus RTP provides 
a simple and very sensitive method for determination 

:i. 

of pukes and pyrimidines, but correct choice of pH 
17’ 

’ 
and of paper type is critical for improving sensitivity. 
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SEPARATION OF 203Pb BY ION-EXCHANGE CHROMATOGRAPHY 
ON CHELEX 100 AFTER PRODUCTION OF 203Pb BY THE 

Pb(p, xn)203Bi- EC’B+ *03Pb NUCLEAR REACTION* 
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Department of Chemistry, Rand Afrikaans University, P.O. Box 524, Johannesburg 2000, Republic of 

South Africa 
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Summary-Bismuth radioisotopes, produced by 50-MeV proton bombardment of a lead target in a 
cyclotron, are separated from the lead target material by ion-exchange chromatography on a column 
containing 5.0 ml of Chelex 100. After a decay period of 24 hr, the m’Pb formed in situ is eluted from 
the column and then separated from q and %‘Tl on a second ion-exchange column containing 0.5 ml 
of Chelex 100. Separations are sharp and carrier-free 203Pb is obtained. 

Although *03Pb has not so far found wide application 
in nuclear medicine, its usefulness has been demon- 
strated in a few cases. It has been used for skeletal 
imaging,’ in the form of an EDTA chelate for 
cistemography,2” as a label for red blood cell~,~ and 
for imaging bleomycin in tumours.s Wider applica- 
tions seems to lie in investigations on the effects 
of lead pollution, entailing biological, biochemical 
and ecological studies6 Cyclotron methods for 
production of the “3Pb isotope include the 
following reactions: zorTl(p, n)“3Pb, 2oyTl@, 3n)- 
r03Pb,20sTl(d, 2n)*03Pb,“?l(d, 4n)203Pb,203Tl(3He, 3n)- 
203Bi%203Pb, and Pb@, xn)203Bi “‘lo+ rr03Pb. 

Various methods have been described for sepa- 
ration of 203Pb from the thallium target material. 
Qaim et al.’ suggested co-precipitation of 203Pb with 
ferric hydroxide, and removal of the carrier iron from 
the 203Pb by anion-chromatography. Carrier-free 
203Pb was prepared by Chackett et al.* by the 
*03Pb(“He, 3n)203Bi Ec’B+ +*‘)Pb reaction. The target 
was dissolved in nitric acid, l-2 mg of bismuth was 
added (as nitrate solution) and bismuth was precip- 
itated with disodium hydrogen phosphate. The bis- 
muth phosphate was filtered off and washed to 
remove the thallium solution. After a decay period of 
24 hr the *03Pb (produced in situ) was eluted from the 
precipitate with 0.3M hydrochloric acid. Neirinckx9 
co-precipitated 203Pb with ferric hydroxide but sepa- 
rated the carrier iron by solvent extraction. Levin et 
~1.” separated 203Pb from thallium by dissolving the 
latter in sulphuric acid and isolating 203Pb by co- 
precipitation from the solution. The procedure of van 
der Walt and Strelow” involves cation-exchange 
chromatography in hydrochloric acid and hydro- 

*This paper represents part of an M.Sc. Thesis by T. N. van 
der Walt. submitted to the Rand Afrikaans University, 
Republic’ of South Africa. 

tPresent address: Isotope Production Centre, Atomic 
Energy Corporation of South Africa, P.O. Box 582, 
Pretoria 0001, Republic of South Africa. 

chloric acid-acetone mixtures. Further purification 
was obtained by anion-exchange chromatography in 
nitric acid-hydrochloric acid mixtures. 

It seems that the production of m3Pb through the 
Pb@, xn)m3Bi Ec”+ bm3Pb reaction has attracted 
little attention. An attempt was made to produce 
203Pb by this nuclear reaction at the separated sector 
cyclotron of the National Accelerator Centre of the 
CSIR at Faure. After proton bombardment of a lead 
target, the m3Bi produced has to be separated imme- 
diately from the lead target material, otherwise the 
*03Pb (formed by decay of m3Bi) will be severely 
contaminated by lead originally used as the cyclotron 
target. Once the *03Bi has been separated from the 
lead target, it is set aside for 24 hr to decay to the 
desired m3Pb. The m3Pb produced in situ has to be 
separated from the remaining m3Bi. 

Lead-201, -202m, -202, -203m, -204m and -204, 
and thallium-200 and -201 are also formed by proton 
bombardment of natural lead, by decay of bismuth- 
200, -201, -202, -203 and -204. The corresponding 
half-lives of the lead and thallium isotopes are 9.4 hr, 
3.62 hr, 3 x IO5 yr, 6.2 set, 66.9 min, 1.40 x 10” yr, 
26.1 hr and 73.5 hr, respectively. Thus, the lead 
isotopes have to be set aside for at least one m3Pb 
decay period (cu. 52 hr), and m3Pb is then 6nally 
separated from the thallium isotopes. The only lead 
isotopes remaining with *03Pb will be 202Pb and r”‘Pb, 
both having very long half-lives and no gamma-ray 
emission. Radionuclidically pure m3Pb should thus be 
obtained. 

Adsul et ~1.” separated bismuth from other ele- 
ments by ion-exchange chromatography on a column 
of Chelex 100, eluting the other elements with 0.25M 
nitric acid. Bismuth was retained on the resin column, 
and finally eluted with 2.OM nitric acid. The method 
was adapted to separate the bismuth radioisotopes 
from a lead target after proton bombardment in a 
cylotron, and later also from the lead radioisotope 
formed by decay of the bismuth radioisotopes. 

451 
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ZOOPb and MIPb decay respectively to 2@‘Tl and z”‘Tl 
and these thallium radioisotopes have to be separated 
from *03Pb. Iyer et uLL3 separated thallium from zinc 
and other elements on Dowex A-i (H+). T13+ was 
sorbed from a hydr~hlo~c acid solution at pH 2.0 
and finally reduced (to Tl*) and eluted with 2.0&f 
hydrochloric acid containing sulphurous acid (I .2%), 
The non-sorption of Tl+ was used to separate 203Pb 
from the thallium radioisotopes on Chelex 100 (H+) 
in an ascorbic acid medium. 

Reagents 

Analytical reagent grade chemicals and demineralized 
water were used throughout. The chelating exchange-resin 
Chelex 100, of 100-200 mesh particle size, was used in the 
hydrogen form, The resin (in the sodium form) was supplied 
by Bio-Rad Laboratories, Richmond, California. 

Apparatus 

Two types of ion-exchange columns were used: one 
column (type A) was prepared by joining a borosilicate glass 
tube (11 mm bore and 60 mm long) to a wider upper part 
(18 mm bore and 110 mm long). The column was 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 an eluent reservoir. The other type of 
column (type B) was similarly made but with a 50 mm long 
borosilicate glass tube (8 mm bore) joined to the wider 
upper part (15 mm bore and 80 mm long). 

The ion-exchange column (type A) was filled with a slurry 
of Chelex 100 resin until the settled resin had a volume of 
5.0 ml in water. The resin was equilibrated by passage of 50 
ml-of 0. 1OM nitric acid. The other colnmn (type B) was filled 
with Chelex 100 resin to a mark at 0.5 ml volume. The resin 
was equilibrated by passage of 20 ml of O.OOSM ascorbic 
acid. 

Atomic-absorption measurements were made with a 
Varian Techtron 475 atomic-absorption instrument. An 
ISCO model 1220 automatic fraction-collector was used to 
collect fractions for ~ns~tion of the elution curve. 

A Cicero 8K Multichannel Analyzer with a germanium 
detector was used to identify the radioisotopes and to 
measure their activities. 

Elution curves 

Pb-Bi. Bi(NOs),.SH,O (cu. 4.6 mg) was dissolved in 10 
ml of LOM nitric acid, and the solution was diluted to cu. 
70 ml with water. Pb(NO,), @a. 16.0 g) was dissolved in this 
solution with continuous stirring and gentle heating on a 
hot-plate fitted with a magnetic stirrer. The solution was 
cooled and diluted with water to cu. 100 ml, and passed 
through an ion-exchange column of type A, prepared and 
equilibrated as described above. The elements were washed 
onto the resin with small portions of 0.1 M nitric acid (40 ml 
in totall. Lead was eluted with 300 ml of 0.25M nitric acid. 
Bismuth was then eluted with 80 ml of 2.OM nitric acid. A 
flow-rate of 3.8 f 0.3 ml/min was maintained and lO-ml 
fractions were collected from the beginning of the sorption 
step. The amounts of the elements were determined in each 
fraction (after suitable dilution when necessary) by atomic- 
absorption spectrometry, under the conditions in Table 1. 
The elution curve is presented in Fig. 1. 

Pb-ZX TlNO, (cu. 6.5 mg) and Pb(NO& (ea. 4.0 mg) 
were dissolved in 5 ml of 0.0051w ascorbic acid (PH 3.2). The 
solution was adjusted to pH 4.0 with dilute ammonia solu- 
tion, and then passed through an ion-exchange column of 
type B, prepared and equilibrated as described above. The 
elements were washed onto the resin with small portions of 
0,005M ascorbic acid and thallium was eluted with more 

Table 1. Conditions used for atomic-absorption spec- 
trometry 

Bi Air-acetylene flame; 223.1 nm; slotted silica tuber4 for 
low concentrations of Bi. 

Pb Air-acetylene flame; 217.0 nm; slotted silica tubei for 
low con~ntratio~ of Pb. 

Tl Air-acetylene flame; 276.8 nm. 

0.005M ascorbic acid (245 ml in total), followed by 100 ml 
of O.OlM ascorbic acid. Finally. lead was eluted with 50 ml 
of 1 .OM nitric acid. A flow-&e of 3.5 f 0.3 ml/min was 
maintains throughout and &)-ml fractions were collected 
from the beginning of the sorption step. The amounts of the 
elements were determined in each fraction (after appropriate 
dilution) by atomic-absorption spectrometry (conditions as 
in Table 1). The elution curve is presented in Fig. 2. 

Separation of the bismuth radioisotopes from lead target 
material after SO-MeV proton bombardment 

A lead cyclotron target was prepared from three circular 
lead discs (diameter 15 mm, thickness 0.4-0.5 mm, total 
mass 2.63 g). The lead target was bombarded with SO-MeV 
protons in a separated sector cyclotron for 2 hr at a beam 
current of 100 nA. At the end of the bomdardment the lead 
target was dissolved in 9.1 ml of hot SM nitric acid. The 
solution was then diluted with water to cu. 100 ml and 
passed through an ion-exchange column of type. A [prepared 
as above, but ~uilibrat~ by passage of 50 ml of 0.2&W 
nitric acid (solution I)]. The ehtate was collected from the 
beginning of the sorption step (eluate A). 

The elements were washed onto the resin with four IO-ml 
portions of solution I (eluate B). Lead was eluted with 80 
ml of 0.25M nitric acid (eluate C), and the nitric acid with 
50 ml of O.OlM ascorbic acid (eluate D). The radioisotones 
in each fraction were identifi~ from their gamma-energies 
(Table 2), and their activities measured by means of the 
strongest gamma-energies. The results are listed in Table 3. 
The ion-exchange column was set aside for 24 hr and the 
lead and thallium radioisotopes, formed in situ, were eluted 
with two 25”ml portions of 0.01 M ascorbic acid (eluates E 
and F). The radioisotopes were identified and their activities 
measured in each eluate fraction. The results are shown in 
Table 4. 

Separation of 33P& on an ion-exchange coiumn containing 0.5 
ml of Chelex 100 

Eluates D and E from the separation above were com- 
bined and left for 24 hr to let the shorter lived lead 
radioisotopes decay. The solution was then evaporated just 
to dryness, the isotopes were dissolved in 2.0 ml of O.lOA& 
ascorbic acid, and the solution was diluted with 40 ml of 
water. The isotopes were then sorbed on an ion-exchange 
column of type B, prepared and equilibrated as described 
above (eluate 1). The isotopes were washed onto the resin 
with four 5-ml portions of O.OlM ascorbic acid (solution J) 
(eluate 2). 20’Tl was eluated with two 30-ml portions of 
solution J (eluates 3 and 4). Finally, msPb was eluted with 
25 ml of LOM nitric acid (ehrate 5) The eluates were 
collected separately, and the radioisotopes identified and 
their activities measured in each fraction, and on the 
ion-exchange column. The results are presented in Table 5. 

Determination of the amounts of lead in the “bismuth” and 
“M3Pb” eluates 

Four g of lead foil (thickness ca. 0.5 mm) were weighed 
out (in triplicate} and the lead was dissolved in 12.0 ml of 
hot 5M nitric acid. The solution was diluted to cu. 100 ml 
with water, and passed through an ion-exchange column of 
type A, and the procedure described under ‘Separation of 
the bismuth radioisotopes from lead. . .” was applied. The 
“303Pb” eluate (eluate C) was collected. Bismuth was tInally 
eluted with 80 ml of 2.OM nitric acid and the eluate collected 
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Fig. 1. Elution curve for Pb(II)-Bi(II1): 5.0 ml of Chelex 100, H+-form, 100-200 mesh; column length 
53 mm, diameter 11 .O mm; flow-rate 3.8 f 0.3 ml/min. 

in a beaker (“bismuth” eluate). The eluates were evaporated found in all of the fractions collected prior to the 
to cu. 1 ml and made up to volume with water in NJ-ml elution of the bismuth with 2.OiU nitric acid. The 
standard flasks. The amounts of lead were determined in 
each eluate by atomic-absorption spectrometry as described method described provides an excellent means for the 

above. The results are presented in Table 6. separation of bismuth from up to 10 g of lead. 
Figure 2 shows that an excellent separation of 

RESULTS AND DISCUSSION 
microgram amounts of lead and thallium is obtained 
on Chelex 100, with 0.005M and 0.01 M ascorbic acid 

Figure 1 shows that a sharp separation of bismuth as the eluents. However, cu. 40 pg of lead was found 
from lead is obtained on an ion-exchange column in the effluent from the sorption step, when the 
containing 5.0 ml of Chelex 100, with 0.25M nitric solution used for that step had an ascorbic acid 
acid as eluent. Less than 0.1 pg of bismuth per ml was concentration of O.OlM (at pH 3.1). However, when 
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Fig. 2. Elution curve for Pb(II)-Tl(I): 0.5 ml of Chelex 100, H+-form, 100-200 mesh; column length 10 
mm, diameter 8.0 mm; flow-rate 3.5 f 0.3 ml/min. 
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Table 2. Gamma-energies used for identification of some bismuth, lead and 
thallium radioisotope.@ 

Isotope Half-life Gamma-energy, keV (% abundance) 

200Bi 35 min 1027 (100,O) 
ZO’“Bi 59 min 846 (unknown) 
201Bi 1.7 hr 629 (100); 786 (59) 
m2Bi 1.67 hr 422 (83,7); 658 (60,6); 961 (99,3) 
“‘Bi 11.76 hr 820 (29,6); 825 (14,6); 897 (13,l) 
204Bi 11.3 hr 375 (75,2); 899 (99,2); 984 (58,4) 
%Bi 6.24 d 803 (98,9); 881 (66,2); 516 (40,7) 
200pb 21.5 hr 148 (37,9); 257 (4,49) 
20’mPb 61 set 629 (54,5) 
20’Pb 9.4 hr 331 (80,3); 361 (10,2); 804 (1,47) 
m2mPb 3.62 hr 422 (84,9); 787 (49,3); 961 (90,s) 
202Pb 3 x IO5 yr no gamma-energy 
%lrnPb 6.2 set 820 (6,4); 825 (71,4) 
ZO’Pb 52.1 hr 279 (80,l); 401 (344) 
204mPb 66.9 min 375 (94,2); 899 (99,2); 912 (91,5) 
2MPb 1.4 x 10”yr no gamma-energy 
2oon 26.1 hr 368 (87,5); 828 (10,9); 1206 (30,l); 579 (13,8) 
ZO’Tl 73.5 hr 135 (2,26); 167 (8,52) 

Table 3. Separation of the bismuth radioisotopes from the lead target material 
after 50 MeV proton bombardment 

Activity, counts per 300 set 

Fraction m’mBi 2O’Bi 203Bi 2WBi “‘Pb m2”Pb ‘03Pb -Pb 

Eluate A n.d. nd. n.d. nd. 1619 1085 2023 13772 
B n.d. nd. n.d. n.d. 378 204 439 2722 
C n.d. n.d. n.d. n.d. 229 1333 256 2180 
D nd. nd. n.d. n.d. 79 198 22 521 

nd. not detected 

Table 4. Elution of lead and thallium radioisotopes from the llrst ion- 
exchanaes column after a 24 hr decay period 

Activity, counts per 300 see 

Fraction Bi-isotopes MIPb 202mPb 203Pb mmPb q %‘Tl 

Eluate E nd. 409 n.d. 13200 3426 3360 7522 
F n.d. n.d. nd. 1978 786 71 244 

n.d. not detected. 

Table 5. Separation of “‘Pb from *@‘Tl and 20’Tl on a second 
ion-exchange column (Type B) 

Activity, counfs per 300 set 

Other Pb 
Fraction “‘Pb radioisotopes -1 “‘Tl 

Eluate 1 nd. n.d. n.d. 45f24 
2 n.d. n.d. n.d. 104*30 
3 n.d. n.d. n.d. n.d. 
4 n.d. n.d. n.d. n.d. 
5 2813 n.d. n.d. n.d. 

Column after 
seuaration 4Orf 18 n.d. n.d. n.d. 

n.d. not detected. 

Table 6. Determination of the 
amounts of lead in the “bismuth” 

and “m3Pb” eluates 

Eluate Pb found,* pg 

“Bismuth” 3.7 f 0.6 
Mo3pbr* 2.3 f 0.5 

*Average of triplicate analyses. 

the pH of the solution was adjusted to cu 4.0, no lead 
was found in effluent from the sorption step. 

The lead target has to be dissolved immediately 
after the end of the bombardment, and a rapid 
separation of the bismuth radioisotopes from lead 
(originating from the cyclotron target) is essential. If 
these conditions are not met, the *03Pb will either be 
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severely contaminated by lead from the target or the be separated from the lead target after deuteron 
yield of 203Pb will drop sharply owing to losses which bombardment in a cyclotron. Carrier-free *06Bi of 
will occur during the separation of the bismuth high purity can be obtained in the desired solvent 
isotopes from the lead target material. after evaporation of the nitric acid. 

The separation of the bismuth isotopes from the 
lead target (measured from the means of the activities 
of the lead radioisotopes) is sharp, as illustrated by 
Table 3. No activity originating from bismuth radio- 
isotopes was observed in the lead eluates. Table 4 
shows that 203Pb, ‘04”Pb, 2ooTl and *“Tl, produced in 
situ during a 24hr decay period, were eluted with 
0.25M nitric acid from the original ion-exchange 
column (type A), and the bismuth isotopes were 
retained by the resin. The 202mPb activities of eluates 
A, B, C and D apparently indicate differential behav- 
iour of *OtiPb, but the increase in the activity of 202”Pb 
in eluate C is perhaps due to the 
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Stmunary-The Hg-PAN complex can be ma& soluble in water by addition of surfactant, and this can 
be made the basis of a spectrophotometric determination of Hg at ppm level. The selectivity and sensitivity 
can be improved by use of derivative spectrometry. The method has been applied to mercury-containing 
pesticides. 

PAN [l-(2-p~dylazo)-2-naphthol] forms coloured 
water-insoluble complexes with a large number of 
metal ions,’ and these are suitable for extractive 
spectrophotometric determination. Mercury(H) 
forms an orange-red complex with PAN which has 
been made the basis of a number of titrimetric2*3 and 
spectrophotometric4-7 determinations of mercury. 
The composition of the complex formed is variously 
reported as ML and ML,, and the existence of a 
mixture has been suggested.s In the present work the 
PAN-Hg system has been reinvestigated, with PAN 
and the PAN-Hg complex made water-soluble by 
use of a cationic surfactant. Derivative spectro- 
photometry was used to improve the sensitivity and 

EXPERIMENTAL 

intents RESULTS AND DISCUSSION 

Absorption spectra were recorded witb a Sack 
UV-260 recording spectrophotometer witb a 1 nm band- 
width and lO-mm matched silica cells. First and second 
order derivatives were recorded with AI = 2 and 4 nm 
respectively. 

E$ecr of pH 

Sohctions 
A stock O.OfM solution of mercuric chloride was pre- 

pared in O.lM hydrochloric acid and diluted as required. A 
3.0 x 10m4M solution of PAN was prepared daily by dis- 
s&inn 0.01246 a of the reagent in 15.0 ml of concentrated 
hydro&loric acid and diluthg with water to 100 ml. 

A O.OlM solution of cetyltrimethylammonium bro- 
mide (CTMAB) was prepared by dissolving the required 
quantity in the appropriate volmne. of hot water. Since the 
solution bezomes hazy at temperatures below 20”, it was 
heated to 30” before use. 

Solutions of metal salts and auxiliary reagents were 
prepared from suitable analytical grade chemicals. 

Procedures 
study of pH effect. Two sets of solutions, one of which 

contained the metal ion, were prepared. Each solution in a 
set contained 1.0 ml of 5.0 x IO-‘M PAN, LO ml of O.OIM 
CIMAB and 0.25 ml of 10% ammonium acetate solution; 
0.1 ml of 1 x 10-3Mmercury(II) solution was added to each 

The absorption spectra of the complexes showed 
a pH-independent peak at 555 nm in addition to 
the pH-dependent ligand peak at around 400 nm. 
The difference in absorbance at 555 nm for the 
two sets of solutions was plotted against PH. The 
pH of maximum complex formation was thus found 
to be 9.0. Subsequent studies were, therefore, made 
at this pH. 

E$Tect of surfactant concentration 

This was determined by measuring the absorbance, 
at 555 nm, of a set of solutions containing increasing 
amounts of CTMAB (1 x 10ms-2 x 10m3M), and 
fixed amounts of metal ion, PAN and ammonium 
acetate. The precipitate appearing in solutions con- 
taining an inadequate amount of CTMAB was dis- 
carded and the spectra of the su~matant liquids 
were recorded. The absorbance increased sharply 
with increasing [CTMAB] up to 0.8 x 10W3M and 
decreased slightly for [CTMAB] > 1.4 x lo-“M. In 
subsequent studies the concentration of CTMAB 
was kept close to the CMC (critical micelle con- *Author for correspondence. 

solution of the set containing the metal ion. The pH was 
adjusted in the range 2.0-12.5 with sodium hydroxide or 
hydrochloric acid, then the solutions were made up accu- 
rately to 10.0 ml with water and the spectra were recorded. 

Beer’s law study. Two sets of solutions were prepared with 
increasing amounts of mercury(H) added to solutions con- 
taining either 5.0 ml of 2 x 10v4M PAN, 1.0 ml of 0.01.84 
CTMAB and 0.5 ml of 10% ammonium acetate solution, or 
5.0 ml of 5.0 x 10W4M PAN. 2.0 ml of O.OlM CTMAB and 
0.5 ml of 10% ammonium’acetate solution. The pH and 
volume of each solution were adjusted to the optimum 
values @H 9.0 and 10.0 ml respectively) and the spectra 
recorded. 

Study o~compositio~, interference etc. Sets of test solu- 
tions were prepared with metal #n~ntrations in the linear 
response range, except when lower or higher ligand concen- 
tration was required to complete the set. Other variables 
such as pH and volume were kept constant. 
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Fig. 1. Spectra of Hg(II)-PAN-CTMAB system: 1, reagent blank, 2-10, increasing Hg(I1) concentration. 

centration, i.e., 1.3 x 10-3M)9 to obtain maximal shown in Fig. 3. The various heights were found to 
absorbance. be linearly related to metal ion concentration. 

Eflect of PAN concentration Composition of the complex 

In the set of solutions containing 2.5 x 10m4M 
PAN and 2.0 x IO-‘A4 CTMAB, a fine precipitate 
appeared about 45 min after sample preparation but 
when 9 x 10T5M mercury(I1) was also present no 
precipitation occurred even after 3 hr. This suggests 
that the complex is more soluble than PAN in the 
micelles. At lower PAN (1.0 x 10w4M) and CTMAB 
(1 x lo-“M) concentration, the solutions were stable 
for longer and no precipitation took place even after 
24 hr. The PAN concentration was kept at 
< 2.5 x lo-*M in further investigations. 

Eflect of metal ion concentration 

In the Beer’s law study, there was significant 
curvature of the calibration plot at the higher 
metal ion concentrations when the overall PAN 
concentration was 1 x 10p4M. Increasing the PAN 
concentration to 2.5 x 10m4M gave linear response 
for mercury(I1) in the range 2 x 10e6-9 x 10e5M, but 
there was a positive deviation in absorbance at 
mercury levels < 2 x 10e6M. The molar absorptivity 
at 555 nm was found to be 2.03 x lo4 l.mole-i. cm-i. 
The spectra are shown in Fig. 1. 

The mole ratio and Job methods both indicated a 
1: 1 metal: PAN ratio in the complex. The following 
observations regarding the complex were made. (a) 
The complex is stabilized only by a cationic surfac- 
tant and not by a neutral one [such as Triton X-100 
or poly(ethylene glycol) 40001, indicating that it is 
anionic in nature. (b) The complex is resistant to 
addition of a second PAN ion even at high PAN 
concentration, which suggests either that the free 
ligand is not able to react with the 1: 1 complex or 
that any higher complex formed is unstable relative 
to the 1: 1 complex. (c) An increase in the CTMAB 
concentration above 1.4 x 10m3M results in a slow 
decrease in the absorbance of the system. 

First- and second-order derivative spectra of the 
test solutions were recorded (Fig. 2), and measured as 

On the basis of these observations we suggest 
that a negatively charged mixed-ligand complex 
of 6-co-ordinate mercury(H) is formed, of the type 
[HgPANX,12-. A calculation of [HgX,]/[Hg*+] 
ratios for the existing complexing anions in the 
solution, with due consideration of their concen- 
tration, showed X to be chloride. We also consider 
that the naphthalene moiety of the complex is held in 
the micelle (Fig. 4) and that formation of a 1:2 
metal: PAN complex is prevented by electrostatic 
repulsion between micelles containing PAN and 
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Fig. 2. First (A) and second (B) order derivatives of spectra in Fig. 1. 
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Fig. 3. Measurement of (A) first and (B) second order derivative spectra. In (A) the vertical distance from 
the crossover point to the trough is measured. In (B) a line is drawn between the crossover points and 

the vertical height from this line to the trough is measured. 
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MICELLE I 

1 containing 1 :l complex 1 

Fig. 4. Proposed reaction mechanism. 

those containing the complex [HgPANXJ’-. This 
suggested orientation of PAN in the micelle allows 
interaction with mercury(I1) ions in the bulk aqueous 
phase but inhibits its interaction with the 1: 1 
PAN:Hg complex. To obtain better insight into 
observation (c) above, cetyltrimethylammonium 
nitrate was used and the effect of adding increasing 
concentrations of Cl-, Br- and acetate was noted. 
These anions show a similar effect, indicating this to 
be a consequence of competing equilibria between the 
principal ligand (PAN) and the auxiliary ligand(s) 
(Cl-, Br- and/or acetate). 

Stability constant of the complex 

The conditional stability constant was calculated 
on the basis of the following equilibrium, paying due 
attention to the existence of the metal ion in various 
forms with auxiliary ligands and of the ligand in 
different protonated forms: 

[HgClJ2- + PAN- +[HgCl,PAN]*- + Cl- 

The average of eight values (20”; Z = 2) was found to 
be 3.5 x 10’ with s.d. 1.2 x 10’. 

Interference by foreign ions 

The effect of cations and anions was investigated. 
Serious interference was caused by Zn2+, Cd2+, In”+, 
Ga3+, T13+, Ni2+, Mn2+, Cu*+, Fe’+, Fe2+ and others 
forming stable PAN complexes. The interference due 
to Zn2+, Cd2+ and Ni2+ could be deduced from the 

Spectra 

600 500 6 
First derivative 

6 
Second derivative 

Fig. 5. Ordinary and first and second order derivative spectra of the Hg (-), Zn (---), Cd (-.-) and 
Ni (. . .) PAN-CTMAB systems. 
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first- and second-order derivative spectra for these 
three metal ions (Fig. 5). Mercury could be deter- 
mined in the presence of these metal ions by means 
of the derivative spectra, but the error was rather 
high. Of the anions investigated, cyanide, EDTA and 
iodide interfered seriously. Alkali and alkaline-earth 
metal ions and lead did not interfere. The cobalt 
complex is precipitated quite soon on standing. This 
precipitate can be removed by centrifugation, and the 
absorbance of the supematant liquid measured for 
determining mercury in presence of cobalt. 

Application 

The mercury content of a mercury-based pesticide 
(EMISAN 6), containing 6% mercury was deter- 
mined by this method. The relative deviation was 
< 1% for 10 determinations. 
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MIXED REAGENTS IN MULTICOMPONENT 
FLOW-INJECTION ANALYSIS 

SIMULTANEOUS DETERMINATION OF IRON AND COPPER IN 
BLOOD SERUM WITH MIXED BATHOCUPROINEDISULPHONATE 
AND BATHOPHENANTHROLINEDISULPHONATE OR FERROZINE 
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Summary-Mixtures of 0.6mM bathocuproinedisulphonate (BC) and 0.2mM bathophenanthroline- 
disulphonate (BP) or 2mM BC and 0.2mM ferrozine (FZ) were used for a rapid determination of iron 
and copper in deproteinated blood serum in the presence of 0.1 M fonnate buffer @H 3.5), 1OmM ascorbic 
acid and 0.3M trichloroacetic acid, by two variants of multicomponent FIA with a diode-array detector 
(MC-FIA). Merging zones MC-FIA is especially suitable for the determination of 0.7-33pM Fe and 
0.4-35pM Cu, for Cu: Fe concentration ratios from 10: 1 to 1: 10 and with RSD <3 or 2% for Fe or RSD 
< 6 or 5% for Cu in artificial mixtures and deproteinated standard blood sera, respectively, and relative 
errors of less than 3-5%. The concentrations of both elements were calculated according to a simple 
computer program (ORTHO) for overdetennined systems (10 or 11 wavelengths), but evaluation at the 
absorption maxima for the individual chelates (at 2 or 3 wavelengths) also gave satisfactory results. 

The determination of iron in blood serum is im- 
portant in differential diagnosis. An independent 
determination of copper in blood serum is less 
frequently required’ but simultaneous evaluation 
of both elements gives complementary diagnostic 
information.‘*2 At present, ferrozine (FZ)‘s4 and 
bathophenanthrolinedisulphonate (BP)5p6 or batho- 
cuproinedisulphate (BC)‘j8 respectively, are the most 
popular reagents for iron and copper in clinical 
practice. Both elements are successively determined 
with BC and BP in saturated sodium acetate buffer 
medium with measurement at 492 and 446 nm.9 

In this paper a rapid and accurate simultaneous 
determination of iron and copper in blood serum 
is described, based on use of a reagent mixture of 
BC and BP or of BC and FZ, and use of the 
single-channel and merging zones variants of’ 
multicomponent FIA, with a diode-array detector. lo-l3 

EXPERIMENTAL 

Reagents 

Standard solutions of iron and copper [100.8mM Fe(III), 
100.5mM Cu(IIj. and 86.6mM Fe(H) in 0.2M hvdrochloric 
acid] were prepared by dissolving ‘tie pure chlorides (or 
“Specpure” metal for iron) in hydrochloric acid, and 
standardized gravimetrically or by chelometric titration. 

Sodium 2,5dimethyl-4,7-diphenyl-l,lO-phenanthroline- 
disulphonate (bathocuproinedisulphonate, BC), sodium 

*On leave from Department of Analytical Chemistry, A. A. 
Zhdanov University, 199164 Leningrad, USSR. 

4,7-diphenyl-1, IO-phenanthrolinedisulphonate (bathophen- 
anthrolinedisulphonate, BP), and sodium 3-(2-pyridyl)-5,6- 
diphenyl-1,2,4-triazine-4’,4”-disulphonate (ferrozine, FZ) 
were materials from Merck (Darmstadt, F.R.G.) or Serva 
(Heidelberg, F.R.G.), and l-5mM BC and l-2mM BP and 
FZ aqueous solutions were prepared. 

A O.lM stock solution of ascorbic acid (Farmakon, 
Czechoslovakia) was prepared and 3.OM trichloroacetic 
acid (TCA) (Avondale Labs. G.B.) aRer purification by 
passage through a 6 x 200 mm column of Dowex 50W x 8 
cation-exchanger in H+-form (SO-100 mesh). 

Standard blood sera were samples of Lyonorm P and 
Lyonorm U (Lachema, Bmo, Czechoslovakia) or EXA and 
EXAPAT (Serum and Vaccination Institute, Prague Czech- 
oslovakia) dissolved in 3 or 5 ml of water, respectively, and 
allowed to stand for 20 min. Aliquots (0.5 ml) were trans- 
ferred into micro centrifuge tubes (volume 1.5 ml) and 
mixed with 0.1 ml of 0.1 M ascorbic acid, 0.1 ml of 3M TCA, 
and 0.3 ml of 0.33M formate buffer @H 3.5). After 15 min 
incubation, the solutions were centrifuged for 5 min at 
12000 rpm. Two 0.4-ml portions of the supematant liquid 
were taken, one being diluted with 0.1 ml of 1OmM EDTA 
and serving as the blank, and other diluted with 0.1 ml of 
water. These solutions were injected into the FIA system. 

All the water used had been distilled twice in silica 
apparatus. 

FIA manifolds 

The arrangement for merging zones” multicomponent 
(MC) FIA consisted of an HPP 4001 linear plunger pump 
(Laboratory Instruments, Prague, Czechoslovakia), a multi- 
functional loop sampler giving samples in the range. 10-100 
~1, and a Y-piece merging module (cf. Fig. 1). The sampling 
loops were filled by a low-pressure diaphragm pump 
(Varian, Zug, Switzerland). 

A multichannel PU 4021 UV-VIS diode-array detector 
(Pye Unicam, Cambridge, G.B.) equipped with an 8-~1 
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Fig. 1. Schemes of the flow-injection manifold (a) and multifunctional loop injector (b) in the 
filling/injection position. (a) HPP linear plunger pump; C, carrier; V,, reagent sampling loop; V,, sample 
loop; R, rotor of the loop injector; S, stator of the loop injector; M, merging module; RC, reaction coil, 
DAD, PU 4021, diode-array detector; P, TZ 4200 plotter; MC, SAPI 1, microcomputer W, waste (b) C, 

carrier; W, waste; M, injector outlet to merging module; R, reagent inlet; S, sample inlet. 

flow-cell was connected to a TZ 4200 twin-pen recorder 
(Laboratory Instruments, Prague, Czechoslovakia), and 
an on-line SAP1 1 microcomputer (Iesla Eltos, Prague, 
Czechoslovakia, 48 kbyte RAM). The “Autostore” mode 
was used, i.e., fast (300 msec per record) automatic digital 
recording of the full absorption spectrum over the range 
390-590 mn in I-nm steps when the peak concentration of 
reaction product was passing through the flow-cell. All 
absorbance values were stored in the computer memory for 
subsequent data handlings. 

A 20-~1 volume of the reagent mixture and a 20-~1 
volume of the test solution containing Cu(I) and Fe(I1) or 
the deproteinated blood serum were injected synchronously 
into two independent pulseless streams of carrier solution 
(1 mA4 nitric acid) flowing at 0.5 ml/min. The signals were 
maximal when a 27-cm PTFE capillary reaction coil (0.6 
mm i.d.) was used. 

A simple orthogonaliiing program ORTHO was com- 
piled for use with over-determined systems and used to 
evaluate the concentrations of both metal ions in solutions 
containing the reagent mixture in excess. The program is 
based on solution of a set of linear equations for the overall 
values of the absorbance of the reaction mixture, Ay = E,c,, 
for the individual wavelength values by orthogonahxation of 
the columns in the absorbance matrix. The number of linear 
equations employed in the data treatment varies from the 
number of components determined up to several doubled 
sets for overdetermined systems (up to a maximum of the 

200 values for the full set of absorbances in the 390-590 nm 
spectral interval stored in the computer memory). The input 
data consisted of the values of the molar absorptivities, eY, 
for all the absorbing components of the reaction mixtures 
determined in independent experiments, and the experi- 
mental total absorbance values for particular wavelengths, 
A,,. 

A standard linear least-squares procedure was used for 
evaluation of the calibration plots. The conditional molar 
absorptivities were obtained from calibration plots for the 
individual metal ions in the presence of the appropriate 
reagent mixture, and for binary metal ion mixtures in the 
presence of both mixed reagents. They were always calcu- 
lated from absorbances at the peak maxima, as a function 
of the particular concentrations of Fe(I1) and Cu(1) present 
and for the exactly linear parts of the calibration plots. 

RESULTS AND DISCUSSION 

Stationary systems 

Copper(I) (5OrM) gave a stable and intensely 
coloured CuL, chelate (A,,,., = 482 nm, 6 = 1.3 x 10’ 
1 .mole-’ . cm-‘) with an excess of BC (0.2mM) in 
chloride medium in the presence of 1OmM ascorbic 
acid over a broad pH-interval of 2-10. With BP or 
FZ, weakly absorbing Cu chelates (A, = 470 nm, 

Table 1. Conditional molar absorptivities for chelates of Fe(I1) with BP or FZ and of Cu(I) with 
BC for the reagent mixtures 0.6mM BC + 0.2mM BP, or 2mM BC + 0.2mM FZ; IOrnM ascorbic 

acid, 0.3M TCA, O.IM formate bulfer, pH 3.5 

c’d(c’), 10s I.mole-‘.cm-’ 

Method I, nm Fe+BP Cu+BC Fe+FZ Cu+BC 

480 16.4 f 0.3 10.8 f 0.2 9.82 f 0.14 10.08 f 0.12 
Stationary* 535 22.3 f 0.4 2.88 f 0.09 20.62 f 0.10 2.99 f 012 

560 14.1 *0.1 1.44 f 0.08 26.08 f 0.11 1.46 f 0.08 
480 1.95 f 0.31 1.15*0.22 - - 

SL MC FIAt 535 2.73 f 0.22 0.31 f 0.05 - - 
560 1.33 f 0.20 0.14 f 0.02 - - 

480 3.26f0.15 1.84&0.14 1.96kO.19 1.96kO.13 
MZ MC FIAg 535 4.76 f 0.20 0.55 f 0.09 4.22 f 0.24 0.57 f 0.11 

560 2.25 f 0.13 0.26 f 0.03 5.10 f 0.22 0.25 f 0.06 

*143pM Fe(I1) or Cu(1). 
$Single-channel FIA, V, = 30 ~1, F, = I ml/min, Lr = 40 cm, i.d. = 0.6 mm PTFE, 4-30~1M Fe(I1) 

or Cu(I). 
gMerging zones FIA V, = 20 ~1, F, = 0.5 ml/min (dual channel), L, = 27 cm, i.d. = 0.6 mm PTFE, 

l-30pM Fe(I1) or Cu(1). 
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6=2x 10’1.mo1e-‘.cm-‘withF2or~,=427mn, 
t: = 1 x lo3 l.mole-‘.cm-’ at pH 3.5 or 4 x lo3 
l.molee’.cm-’ at pH 7 with BP) are formed only 
over the pH-intervals 2-8 or 3-8, respectively, under 
the same experimental conditions. Their fo~ation is 
fast and the absorbance is constant from 1 min after 
mixing. 

Iron(I1) (50pM) forms red or red-violet FeL3 
chelates with BP or FZ in solutions (0.2mM reagent 
excess) under similar conditions at pH IS-10 

(&x = 535 nm, L = 2.25 x 10“ 1. mole-’ .cm-’ for BP 
and&=562nm,c=2.62x 1041.mole-~.~-1for 
FZ). The speed of chelate formation depends on the 
pH but is fast enough at pH > 3 with > 3-fold reagent 
excess. Copper does not interfere even in SO-fold ratio 
to iron, at pH < 4. 

The mutual interaction of Cu(1) or Fe(D) with both 
reagent mixtures depends on the ~n~tration 
ratios, c(BC):c(BP) or c(BC):c(FZ). For c(Cu) or 
c(Fe) =40&U there is practically no competition 
between the reagents in solutions containing more 
than 3-fold excess of BC relative to BP or lO-fold 
excess of BC relative to FZ at the optimum pH of 3.5 
(O.lM formate buffer) and in the presence of IOmM 
ascorbic acid. The conditions are similar for 
c(Fe) = c(Cu) = 40/&f in a binary mixture. The de- 
crease of the reaction yield for Cu(1) with BC and for 
Fe(U) with BP or FZ is ~3%. For simultaneous 
determination in the concentration intervals c(Cu) 
= O&3$& and c(Fe) = 0.7-33@zf, reagent con- 
centrations such as c(BP) = 0.2mM with c(BC) 
3 0.6mM or c(FZ) = 0.2mM with c(BC) b 2mM are 
satisfactory at pH 3.5 (O.lM formate buffer). 

The molar absorptivities of the Cu(1) chelate with 
BC and of the Fe(I1) chelates with BP or FZ are 
l-2% lower for Fe(H) with FZ, 5% for Fe(I1) with 
BP and N 8% for Cu(1) with BC, in the mixtures than 
those for solutions of the individual Cu(1) or Fe(H) 
chelates.‘* A further S-10% decrease of these values 
for particular chelates follows from the additional 
competition of 0.3M TCA with the Cu(1) and Fe(H) 
chelates of BC, BP or FZ (see Table 1). 

Flow systems 

The molar absorptivity values of the FeL, chelates 
with BP or FZ and the CuL, chelate with BC for 
solutions containing the reagent mixtures and with or 
without 0.3M TCA, are 1.5-2 times higher in merging 
xones FIA than in the classical ~n~e-ch~nel variant 
MC FIA with instant injection” (cf Table 2). In the 
presence of TCA, the molar absorptivity of the Cu(I) 
chelate with BC [c(Cu) = 25$4] increases from 1.07 
to 1.19 x 104 l.mole-’ .cm-’ at 482 nm (i.e., by 10%) 
with increase of c(Fe) from 0-25pM, whereas in the 
absence of TCA it increases by only 2%. On the other 
hand the corresponding change in the molar absorp- 
tivities for the Fe(I1) chelate with BP [c(Fe) = ZSpM] 
with increasing c(Cu) from 0 to 25pM is < 3% at 535 
nm, but only ~0.4% in the absence of TCA. 

If such changes are ignored during calculation of 
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Table 3 Results for iron and copper in deproteinated standard blood sera by 
using single channel and merging zones FIA data from 10 or 11 wavelengths; 

experimental conditions as in Table 1; 5 or 7 measurements 

Serum* c(Fe), PM? s,, % AC(%) c(Cu), p,Ut s,, % AC(%) 

BC + BP§ 
Lyonorm P 30.5 kO.6 1.9 3.2 18.8 f 0.6 
Lyonorm U 27.0 kO.9 2.8 0.7 18.8 f 0.8 
Exa 30.1 + 1.0 2.8 5.2 16.6 f 1.0 
Exapat 23.4 f 0.7 * 2.3 1.7 13.3 f 0.8 

BC + BPS 
Lyonorm P 30.8 kO.4 1.2 2.2 19.0 * 0.3 
Lyonorm U 26.9 kO.2 0.9 0.3 19.3 * 0.3 
Exa 29.1 f 0.6 1.3 1.7 16.9 f 0.4 
Exapat 20.2+0.2+ 1.6 1.5 13.3 * 0.2 

BC + FZJ 
Lyonorm P 31.2 f 0.4 0.9 0.9 18.9 f 0.2 
Lyonorm U 26.9 +0.3 0.7 0.3 19.5 f 0.2 
Exa 28.8 f 0.2 1.1 0.7 16.8 f 0.1 

1.3 - 
1.1 - 
0.8 4.0 
1.4 0.7 Exapat 20.0+0.2* 1.5 0.5 13.0 f 0.2 

*Declared values 31.5 + 3.0@4 Fe for Lyonorm P, 26.8 f 2.7pM Fe for 
Lvonorm U. 28.6+ 2.5uM Fe and 17.3 + 1.7uM Cu for Exa. 

3.5 - 
3.6 - 
5.1 4.0 
4.8 1.5 

1.9 - 
1.7 - 
2.0 2.3 
1.7 1.5 

19.9 f 3.4@Fe and-13.i f l.OpM Cu for Exapat.’ 
tMean f confidence interval (95% significance). 
@Single-channel FIA. 
IMerging zones FIA. 
*22.2 f 2.3pM without deproteination, 21.3 + 2.2pM by atomic-absorption 

spectrometry. 

the Fe(I1) and Cu(1) concentrations, from absorb- 
antes at 11 or 3 wavelengths respectively, for test 
solutions containing c(Cu) : c(Fe) = 1: 5-6 : 1 ratios in 
the presence of 0.3M TCA and 1OmM ascorbic acid, 
by the ORTHO program, the relative errors 
AC(%) = 100 (cth - c&)/c,,, are lower than 5% for Fe 
and 6% for Cu, but only < 15% for Cu at extremely 
low concentrations, c(Cu) < 3@f. 

With the merging zones MC FIA systems the 
AC(%) values are ~3% for Fe or ~4% for Cu with 
the reagent mixture BC and BP, or ~3% for Fe or 
< 6% for Cu with the reagent mixture of BC and FZ. 
The concentrations of both metal ions were usually 
calculated from data for 11 or 10 preselected wave- 
lengths (440, 460, 480, 500, 510, 520, 530, 535, 550, 
560,580 nm for the BC and FZ mixture, or 460,480, 
490, 500,505,520, 530, 535,550,565 mn for BC and 
BP mixture), or for 2 wavelengths, viz. 535 and 480 
nm or 560 and 480 nm for mixtures of BC with BP 
or BC with FZ, respectively. 

Lower values of AC(%) result for merging zones 
MC FIA even if wider concentration-ratio intervals, 
such as c(Fe):c(Cu)= l:lO-lO:l, are present. No 
significant differences are obtained between the 
results for full sets, for all 11 or 10 wavelengths and 
for only 2 wavelengths in the absorption maxima of 
particular chelates (cf: Table 2). 

Analysis of deproteinated blood serum 

A 20 ~11 sample of deproteinated blood serum and 
20~1 of the mixture of 0.6mM BC with 0.2mM BP 
or of 2mM BC with 0.2mM FZ, respectively, were 
simultaneously injected into two independent pulse- 

less flows of 1mM nitric acid. The calculation of 
c(Cu) and c(Fe) always followed from absorbances 
measured at 11, 10, 3 or 2 wavelengths between 440 
and 58Omn, after subtraction of the absorbance 
blank, which was that for deproteinated blood serum 
plus 0.1 ml of 1OmM EDTA. Conditional molar 
absorptivities evaluated earlier for solutions of the 
individual chelates containing 0.3M TCA and the 
reagent mixtures, were used for the calculations. 

The results for iron and copper in normal and 
pathological concentrations in tested standard blood 
sera differed from the declared values or those deter- 
mined by atomic-absorption spectrometry with or 
without deproteination, by less than 5% for Fe and 
4% for Cu in the single-channel MC FIA’* and by 
~2% for Fe and Cu with BC and BP mixture or 
< 1% for Fe and ~4% for Cu with BC and FZ 
mixture in the merging zones MC FIA (cJ Table 3). 
The calculated concentrations never fell outside the 
declared confidence intervals. 

CONCLUSIONS 

When the 2mM BC and 0.2mM FZ reagent mix- 
ture is used the precision and accuracy for both 
elements is not influenced by the number of wave- 
lengths used, and the measurements at the absorption 
maxima of the particular chelates, 480 and 560 nm, 
with a simple dual-wavelength detector are usually 
sufficient for the simultaneous determination of both 
metal ions. 

Nevertheless, the accuracy is still better for iron 
than for copper even at the lower concentrations 
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[c(Fe) < lO@f] because of the larger conditional 
molar absorptivity of the FeL, chelates with BP 
(6’ N 2.25 x 10’ l.mole-‘.cm-‘) or for FZ (c’ N 2.62 
x 10’ l.mole-‘ . cm-‘) and of the lesser influence 
of increasing copper concentration in the sample 
compared with that of increasing iron concentration. 

Comparable concentrations of Ni(I1) and a SO-fold 
ratio of Co(I1) interfere with the simultaneous deter- 
mination of iron and copper with the BC and BP or 
BC and FZ mixtures, but this has no importance for 
deproteinated blood serum. 

In the single-channel MC FIA system the resulting 
AC(%) for the difference between the calculated and 
true values is also not greater than 5% for Fe or 10% 
for Cu under the same conditions but it increases for 
concentration levels down to 4pM. The precision and 
accuracy of the method are comparable to those for 
merging zones MC FIA, but the sensitivity of the 
latter is 1.5-2 times higher, owing to more effective 
and faster mixing of the reaction components, lower 
dispersion of the reaction mixture zone in the pres- 
ence of limited reagent concentrations, and increased 
reaction yield in the merged zone. The considerable 

saving of reagents is also an important factor making 
merging zones MC FIA the method of choice. 
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Summary-A systematic study of extraction of zinc salicylate is reported. Optimum conditions for the 
extraction and determination of zinc are evaluated from a critical study of the effect of pH, sodium 
salicylate concentration and triphenylphosphine oxide concentration. The effect of foreign ions on the 
extraction is also discussed. The probable composition of the species has been deduced from the extraction 
data. The method has been used to separate zinc from cadmium and mercury in binary mixtures and for 
the determination of zinc in various pharmaceutical products. 

Zinc in trace amounts is essential for enzymatic 
reactions in animal nutrition. Its deficiency causes 
serious hazards, but overdosage results in poisonous 
effects. From this physiological point of view, 
the determination of zinc in pharmaceuticals is 
important. 

Numerous reagents have been used for extraction 
of zinc. Amongst high molecular-weight amines, 
liquid ion-exchangers such as Amberlite LA-l,’ 
Aliquat-336tA Alamine-336:5 Alamine-308, 
Primene JMT,4,’ tribenxylamine,* Amberlite LA-2,4 
long-chain amines’ and Versatic-9’O have found 
considerable use. Neutral extractants such as tri- 
octylphosphine oxide,“~‘2 mesityl oxide,13*‘4 isobutyl 
methyl ketone’* and tributylphosphate16 have also 
been used. These methods, however, lack sensitivity,’ 
or suffer interference from several cations.‘*” The 
needs for longer extraction times’*‘* (15-30 min), pre- 
heating with sulphuric acid,4 high temperature’ for 
extraction, and/or multistage extractions* under 
different conditions are some other limitations of the 
reported methods. 

The proposed method is relatively simple, rapid, 
and does not require a long extraction period or 
temperature control. The method finds a wide range 
of applications in the analysis of commercial drug 
samples containing zinc. 

EXPERIMENTAL 

Reagents 
Analytical grade chemicals were used throughout. The 

stock solution of zinc was prepared by dissolving 5.49 g of 
ZnSO,. 7H,O in 250 ml of distilled water containing the 
minimum amount of sulphuric acid needed to prevent 
hydrolysis. The solution was standardized by a standard 
method” and test solutions of lower concentration were 
prepared by suitable dilution. A 5% solution of tri- 
phenylphosphine oxide (Fluka, m.p. 156-158’) in toluene 
was used for the extraction. Buffer solution of pH 10 was 
prepared with 142 ml of concentrated ammonia solution 
and 17.5 g of ammonium chloride ma& up to 250 ml 

with distilled water. Buffer solution of pH 5.8 was 
prepared from 0. I M acetic acid and 0.1 M sodium acetate 
mixed in 1:9 ratio. A 0.1% methanolic solution of 
I-(2-pyridylazo)-2-naphthol (PAN) was used for spectro- 
photometric determination of zinc. 

General extraction procedure 
To an aliquot of solution containing 1 mg of zinc, 2.0 ml 

of 0.5M of sodium salicylate were. added, and the mixture 
was diluted to about 25 ml and adjusted to pH 5.5 with 
dilute hydrochloric acid and sodium hydroxide solutions. 
The solution was then transferred to a 125~ml separatory 
funnel and shaken for 2 min with two S-ml portions of 5% 
triphenylphosphine oxide solution. From the combined 
organic phase, zinc was stripped with distilled water (3 x 10 
ml) and determined complexometrically.‘7 

For microgram amounts of zinc (5-40 pg), the deter- 
mination was done spectrophotometrically in the organic 
phase itself as follows. To the organic layer 5 ml of acetam 
buffer @H 5.8) and 1 ml of 0.1% PAN solution were added 
and the mixture was shaken for 2 min. The coloured organic . 
layer was separated and diluted to 10 ml with toluene, and 
its absorbance measured at 555 nm against a reagent blank 
similarly prepared. 

RESULTS AND DISCUSSION 

Extraction conditions 

me extraction of zinc was investigated at various 
pH values (4.2-lO.O), salicylate COnCmKitiOnS 
(0.025-0.7M), and triphenylphosphine oxide concen- 
trations (l-5%). It was found that a double 
extraction (2 min shaking) with 5 ml of 5% tri- 
phenylphosphine oxide solution was necessary for 
quantitative extraction of zinc at mg levels. However, 
for microgram amounts of zinc, a single extraction 
with 5 ml of 5% triphenylphosphine oxide solution is 
adequate. The optimum extraction conditions can be 
seen from Figs. 1 and 2. 

Spectral characteristics 

The extracted zinc may be determined spectro- 
photometrically in the organic phase with PAN. The 
orange Zn-PAN complex has maximum absorbance 
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W!- 
PH 

Fig. 1. Effect of pH on extraction of zinc. 

at 555 nm (Fig. 3) and obeys Beer’s law over the 
concentration range 5-40 pg per 10 ml of organic 
phase. The colour of the complex is stable for 24 hr. 
The molar absorptivity is 6.5 x IO3 1 .mole-‘.cm-’ 
and the coefficient of variation is 3.8% for 20 pg of 
zinc. 

Nature of extracted species 

The log-log plots of distribution ratio VS. salicylate 
concentration [at fixed pH and triphenylphosphine 
oxide (TPPO) concentration] and as. triphenyl- 
phosphine oxide concentration [at fixed pH and 
salicylate (Sal) concentration] indicate a molar ratio 
of 1:2 with respect to both extractant and salicylate. 
Thus, the species extracted is probably the solvated 
Z&al,. 2TPP0. 

Eflect of foreign ions 

An interference study showed that a large number 
of cations and anions offer no interference (as shown 
by less than 1% error in analytical recovery). The 

f 
I I I 

0.2 0.4 0.6 

Sodium salicylatr concentration 04) 

Fig. 2. Effect of sodium salicylate concentration for _. 

200 
Cl-, Sq-, PO:-, NOi, tartrate 
Ag(I), WV), Br-, SOS-, S,O$, oxalate 

150 ZrO, Pd(II), Au(III), AI(III), Th(IV), 
SCN-, thiourea, citrate 

50 Ascorbic acid 
Ions not 

extraction of zinc. tolerated Cu(II), Co(H), Ni(II) 

I I I I I 
500 520 540 560 560 

Wavrlenqth (nm) 

Fig. 3. Absorption spectrum of Zn-PAN complex in TPPO 

effect of foreign ions and their tolerance limits in the 
extraction of zinc are reported in Table 1. 

Separation of Zn from Cd and Hg(.U) 

Zinc is not extracted into triphenylphosphine 
oxide (5% solution in toluene) from 0.5M sodium 
salicylate at pH 9.2 and remains quantitatively in 
the aqueous phase, whereas cadmium is extracted 
quantitatively under similar conditions. This facili- 
tates the separation of zinc and cadmium in binary 
mixtures. The cadmium is scrubbed from the organic 
phase with distilled water and estimated complexo- 
metrically. ” Both zinc and mercury(l1) are quanti- 
tatively extracted at pH 5.5, but can then be 
separated by selective stripping of the zinc with water, 
which does not strip the mercury. The mercury is 
then stripped with acetate buffer (pH 4.7) and 
estimated complexometrically.‘* The recoveries of’ 
all three metals were > 99.0%. The results of the 
analysis of binary mixtures are given in Table 2. 

Analysis of pharmaceutical samples 

Zevit (capsules). A capsule was dissolved in aqua 
regia, and the solution was evaporated to dryness; the 
residue was taken up in the minimum amount of 
concentrated hydrochloric acid and the solution was 
evaporated to dryness again. The residue was taken 
up as before and the solution was diluted to 250 ml. 
An aliquot was taken for extraction and estimation 
of zinc by the recommended procedure. 

Table I. Effect of foreign ions on extraction and spectro- 
photometric determination of 20 ~g of zinc 

Tolerance 
limit, 

K? Foreign ions 

400 V(v), CrWI), Fe(III), MOW), Mg(II), Ba(II), 
Ca(II), As(III), Sb(III), Bi(III), U(W), F-, 
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Table 2. Separation of zinc from cadmium or mercury(H) 
in synthetic mixtures 

Recovery Recovery of 
of zn*, added ion*, 

% % 

99.9 99.7 
99.8 99.7 
99.8 99.6 
99.8 99.6 

Composition, 
mg 

Zn(II) 1; Cd(H) 1 
Zn(I1) 1; Cd(I1) 2 
Zn(I1) 1; Hg(II) 1 
Zn(I1) I; Hg(I1) 2 

*Mean of six results. 

Zad-G, S~o~rrn, Tineafar (skin o~ntme~ts). A 
0.1-g sample was digested with concentrated sul- 
phuric acid and a few drops of concentrated nitric 
acid for about 10 min. The acid was neutralized 
with concentrated sodium hydroxide solution and 
the solution was made up to known volume. An 
aliquot of this solution was used for extraction and 
estimation of zinc by the proposed method. 

Protostan-Z (health tonic). A 7.5-ml portion of the 
tonic was evaporated to dryness and the soluble salts 
were taken up in hydrochloric acid. The solution was 

titered to remove the insoluble residue and the 
filtrate, was made up to volume in a standard flask. 
An aliquot was analysed for zinc. 

Nycil (talc powder). The sample (20-25 mg) was 
treated with the ~nirn~ necessary amount of con- 
centrated sulphuric acid, the solution was diluted a 
little with water, filtered to remove the white residue, 
then diluted to about 25 ml and analysed for zinc. 

The results were in good agreement with the 
certified values and those of an independent analysis 
and are reported in Table 3. 
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Summary-A method is described whereby a sensitive laser-based polarimeter can be used to make very 
accurate and precise specific rotation measurements on microgram quantities of optically active materials. 
Flow-injection or liquid chromatography systems provide reproducible introduction of the sample into 
the polarimetric system. If a Gaussian distribution of the analyte concentration is assumed, the peak height 
can be used in the determination of specific rotation. This method provides a direct calibration with an 
absolute standard which yields more accurate and precise results than those obtainable by using peak area. 

Optical activity is an extremely important property 
that is usually indicative of biological activity, past or 
present. The specific rotation is the parameter used to 
describe the magnitude of chirality possessed by a 
system and it can provide important and unique 
information about the arrangement of atoms at, or 
near the chiral centre. Small structural changes can, 
in some circumstances, produce large and pro- 
nounced changes in the specific rotation. For exam- 
ple, when 1-phytanyl iodide is subjected to reducing 
conditions, a product is formed that has a specific 
rotation of + 3.9 deg. ml. dm-’ . g-l. However, the 
same starting material under conditions leading to 
elimination of hydrogen iodide yields a product’ with 
a specific rotation of -5.0 deg.ml.dm-‘.g-‘. This 
sequence is depicted in the reaction scheme below and 
it underscores the fact that subtle changes in the 
overall chemical structure of a molecule can produce 
large and significant changes in the specific rotation, 
even if the chemical changes take place several carbon 
atoms away from the chiral centre. 

= R-CH,CH, 
R-CH2CH21 

= R-CH=CH2 

R=(CHP),CH(CH2CH2CH2CH), 

C H3 
Specific rotation measurements can also be used to 

assess enantiomeric purity. This is particularly im- 
portant considering the fact that only one enantiomer 
of an enantiomeric pair is usually biologically active. 
However, in spite of the usefulness of specific rotation 
measurements in answering a variety of important 
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sity, Waco, TX 76798, U.S.A. 

tAuthor to whom correspondence should be sent. 

questions, the specific rotation is often an overlooked 
property. Part of the problem is the difficulty of 
making such measurements. Conventional polari- 
meters cannot detect a rotation of less than about 
0.001”. Thus, for a sample with a specific rotation of 
10 deg. ml .dm-’ . g-l, the concentrations must be at 
the 0.1 mg/ml level or above, to be detectable. For a 
lo-ml detection cell, at least 1 mg of the optically 
active material must be available. Obviously, for 
routine analysis in situations where abundant sample 
is available, this is not a problem. However, when 
sample is limited, e.g., in the analysis of a genetically 
engineered material, or in other trace-level situations, 
the poor sensitivity of conventional polarimetry pre- 
cludes its use. However, it is precisely in these experi- 
mentally demanding situations that the information 
contained in the specific rotation could prove most 
useful. 

Further, as the theory describing the basis for 
optical activity advances, experimental procedures 
must be developed to test these new concepts. For 
example, a recent theoretical study has shown that 
solvent molecules can influence the observed optical 
activity of a chiral system, inducing rotational 
changes at the O.O6”/cm level.2 Obviously, to verify 
and use these new theories will require more soph- 
isticated and precise polarimetric measurements than 
those available with conventional instrumentation. 

Yeung et al. have described a laser-based polar- 
imeter possessing rotational sensitivity substantially 
better than that of conventional polarimetric instru- 
mentation.’ This system has been used as a detector 
in HPLC to monitor for the presence of sugars in 
urine,4 free and esterified cholesterol in blood,’ and 
chiral components in shale oil6 and coal.’ Recently 
this system was modified for microcolumn 
detection8*9 by using high-frequency polarization 
modulation of the laser light to extend the detection 
limit to less than 10-6deg.‘0 
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The impressive quantitative capabilities of this 
instrument have not been directly translated into 
improvements in the ability to make specific rotation 
determinations. One application of this laser-based 
polarimeter in this context used chromatographic 
peak areas to determine specific rotations for a 
variety of derivatized amino-acids.” However, al- 
though peak area is relatively independent of chro- 
matographic conditions, it is not always the most 
precise and accurate analytical parameter to use in 
certain experimental situations, particularly with re- 
spect to the measurement of specific rotation. It has 
been shown that for peak area to be accurate as 
analytical parameter, the baseline adjustment is 
criticali Therefore, when an undulating baseline is 
present, peak area is not as accurate or precise as 
peak height for analytical description of the system 
under study. In addition, in chromatography peak 
area is much more sensitive than peak height to the 
resolution of closely eluted materials and requires 
nearly complete resolution of two components, so 
that each can be determined without interference 
from the other.13 Finally, for highly accurate and 
precise trace-level specific rotation measurements it is 
necessary to calibrate the polarimetric system with a 
known rotational standard on an analysis-by-analysis 
basis to correct for instrumental changes from one 
measurement to the next. Such a standard is available 
in the Faraday effect. Faraday’s law allows calcu- 
lation, with a high degree of accuracy, of the rotation 
caused by the passage of a known current through a 
solenoid prepared with a specific number of turns. 
However, this rotation will then be observed as a 
deflection (height) above the baseline, and, although 
peak height can be directly calibrated by means of 
this signal, application to peak area is less straight- 
forward. 

This report will describe the use of a sensitive 
laser-based polarimeter similar to that of Yeung et al. 
to make highly accurate and precise specific rotation 
measurements on trace-level samples by using cali- 
brated peak height data and a Gaussian peak model. 
Results obtained by this technique will be compared 
with those from both area data and direct mea- 
surements, and the capabilities for each method will 
be evaluated. 

THEORY 

Specific rotation, [a], is defined as 

[a%=: (1) 

where a is the rotation (deg) of the plane of polar- 
ization of plane-polarized light of wavelength L by an 
optically active sample, T is the temperature (“C), 1 is 
the optical path-length (dm) and c is the sample 
concentration (g/ml). To apply equation (1) in con- 
ventional polarimetric measurements, the angular 
rotation induced by a sample of known concentration 

is measured. The angular rotation is obtained as the 
number of degrees through which the analyser must 
be mechanically rotated to re-establish the null condi- 
tion (maximum extinction). There are two disadvan- 
tages to this approach. First, mechanical manipu- 
lation limits measurements to angles greater than 
approximately 0.010”. Secondly, static systems are 
not amenable to use for dynamic measurements such 
as those encountered in HPLC or flow-injection 
analysis (FIA). This is a significant limitation since 
these methods provide a precise and reproducible 
way to introduce microvolume samples into the 
polarimetric system. 

The processes which shape the analyte profile in a 
flow system are many and complex. However, in the 
absence of secondary effects such as chemical inter- 
actions, or pre- or post-column broadening, mass 
transport by individual molecular motion is re- 
sponsible for the characteristic shape of a chro- 
matographic peak. These diffusive processes give rise 
to a Gaussian distribution of the analyte in the 
mobile phase. 

Fick’s second law is the fundamental equation for 
the mathematical treatment of diffusion processes, 
one solution of which describes the concentration vs. 
time or volume profile resulting from these processes 
in a flowing system. 

(2) 

where M is the mass injected, V, is the mean reten- 
tion volume, V is the eluate volume at which the 
concentration c is to be determined, and ev is the 
standard deviation of the distribution, in volume 
units. Conversion from volume into time units could 
be effected if desired, by division of the volume by the 
flow-rate. 

To apply equation (1) with peak area data the 
concentration of the injected sample can be substi- 
tuted for c since all of the injected mass 
(concentration x injection volume) will be accounted 
for in the total peak. However, to take advantage of 
the use of peak height as the analytical parameter, it 
is necessary to determine the fraction of the total 
injected mass that is in the cell when the maximum 
signal occurs. This mass fraction, divided by the cell 
volume (which can be determined very accurately) 
yields the concentration at the point of maximum 
signal. 

For use of this technique equation (2) must be 
integrated symmetrically over the cell volume to find 
the fraction of the total injected mass that is in the 
cell. 

max sig = mass inj . (g) 1 
CL-4 cell volume (ml) z 

x ~~“~‘exp-~~~-~~‘2)]‘d~~ (3) 
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In equation (3), the integration over the cell volume 
determines the analyte distribution in the cell when 
the maximum signal occurs. Multiplication of this 
term by the mass injected therefore enables the mass 
in the cell at maximum signal to be determined 
exactly. 

The integral of equation (3) cannot be evaluated 
easily, because there is no analytical form for it. 
Equation (3) could be integrated by parts after 
expansion of the exponential in a power series, but 
even this approach is difficult to implement in prac- 
tice, since a solution would have to be found for every 
Gaussian peak corresponding to different analyte 
retention times. 

Fortunately, equation (3) can be transformed by 
substitution of the normal variable z according to the 
relation 

.Z= F - V&,/2 
\ , 

QV 

and rewritten as 

- s,g _ 

cceu - 
mass inj. k) 

cell volume (ml) 

x [--& f;r-“‘“di] (5) 

Equation (5) represents a transformed normal distri- 
bution and tables of the area under a standard 
normal distribution as a function of z can be used to 
evaluate the term in square brackets. To do this, the 
peak must be characterized by its standard deviation, 
cry. This is easily accomplished by measuring the 
width at half-height, W,,S and using the relationI 

Wo,5 = 2.3540 

Equation (1) can thus be modified to yield 

(6) 

where R (deg) is the rotation evaluated from the peak 
height calibrated against the Faraday response, and 
the concentration in the detection cell when the signal 
is maximal (c 2:“‘s) is determined by using the stan- 
dard deviation of the peak (a,,) as described above. 

Therefore, if the assumption of a Gaussian model 
for the analyte distribution in a flowing stream is 
valid, peak height measurements can be used to 
determine specific rotations with high accuracy and 
precision. 

EXPERIMENTAL 

The laser-based polarimetric detection system has been 
described in detail elsewhere.3*‘5 Glan-Thompson calcite 
oolarizina nrisms (Karl Lambrecht, Chicago, IL, model 
MGT-E8j serving as the polarizer and analy&were chosen 
by a procedure described previously.(‘) In place of the 
large-frame argon-ion laser used in the earlier studies, a 
5-mW helium-neon laser (Spectra Physics, Mountain View, 
CA, model 105) served as the source. Detection was accom- 
plished with two cells constructed in-house with internal 

To illustrate the method, consider the Gaussian 
peak produced by the injection of 9.30 pg of 
Dcarvone into a reverse-phase HPLC system. As 

volumes of 101.5 ~1 (0.53 dm path-length) and 13.7 ~1 shown in Fig. 1 the goal is to calculate the concen- 

(0.10 dm path-length), respectively. A static Faraday cell 
tilled with either acetonitrile or methanol was used to 
modulate the laser light at a frequency of 2 kHz. This 
frequency was found to produce the optimum signal to noise 
(S/N) ratio for this source laser. Light passing the analyser 
was .detected with a red-sensitive photomultiplier tube 
(PMT) (Hamamatsu. Middlesex, NJ. model R928) uowered 
by a’ high-voltage’ supply (Be&an Associates, Inc., 
Hicksville, NY, model 215). A lock-in amplifier (Stanford 
Research Systems, Palo Alto, CA, model SR510) demod- 
ulated, amplified and digitized the PMT signal. Data were 
digitized at a rate of 2 Hz, which permitted peak half-widths 
to be determined with 0.5 set precision. Data were trans- 
ferred to a PC computer by an IEEE interface (National 
Instruments Co., Austin, TX, model PC-2A) for subsequent 
storage and analysis. 

Sample was passed into the detection cell by an ISCO 
syringe pump (Lincoln, NE model LC-5000) through a 
Rheodyne injection valve (Cotati, CA, model 7410) fitted 
with a 5~1 internal loop. Chromatographic studies utilized 
a lo-ym C-18 column to help shape the analyte distribution 
and ensure an approximately Gaussian profile. Altema- 
tively, the column was replaced by a flow-injection 
configuration with delay line long enough to create sufficient 
dispersion for a Gaussian profile to be developed, resulting 
in a narrower but similarly shaped peak. The chro- 
matographic system provided more reproducible results, 
however, and was used for the rest of these studies. 

For the direct measurement of specific rotation, the 
0.53-dm path cell was used and concentrations were chosen 
such that the measured rotation was approximately 2” for 
each compound. Thus, for example, the concentration of 
limonene ([a] - 90’) was approximately 5.04 x lo-* g/ml. 
For the chromatographic studies, the injected concen- 
trations (g/ml) for the eight compounds studied were: 

(R)-limonene 4.14 x 10e5 (S)-limonene 4.98 x 10m5 
a -pinene 1.27 x 1O-3 fi -pinene 4.23 x lO-4 
carvone 9.45 x 10-s nopol 3.83 x 10-S 
longifolene 9.14 x 1O-s 2-butanol 7.91 x lo-’ 

The response of the polarimetric system was found to be 
linear over the range of concentrations used in the chro- 
matographic studies. All specific rotation measurements 
were made with acetonitrile as the solvent. 

The eight optically active compounds studied were ob- 
tained from Aldrich Chemical Co. (Milwaukee, WI). The 
acetonitrile was obtained from Fisher Scientific (Fairlawn, 
NJ). All reagents were filtered and degassed under vacuum 
with ultrasonic agitation prior to use. 

Peak heights were calibrated by means of the rotation 
induced by a Faraday coil prepared by winding 8000 turns 
of 30AWG magnet wire (Beldon, Geneva, IL) around a 
10 cm x 0.125 in. o.d. stainless-steel tube. Faraday’s law 
gives the relationship between the angle of rotation, a (arc 
min) of plane-polarized light passed through a homoge- 
neous magnetic field, B (gauss), of length L (cm) created in 
a medium with a Verdet constant v (which is medium- and 
wavelength-dependent). 

u =vBL (8) 

For the air-based solenoid used in this work, a current of 
0.266 A produced a rotation of 2.86 x 10e4 deg at 632.8 nm. 
The laser-based polarimeter produced a baseline noise level 
(peak-to-trough) corresponding to 5 x 10e6 deg. 

RESULTS AND DISCUSSION 
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w =2 0.5 .354 

3% Fraction in Cell 

Fig. 1. Gaussian distribution characterized by width at 
half-height (W,, 5) equal to 2.345 o; h is the maximum value 

of the distribution. 

tration in the cell when maximum signal is reached, 

the region represented by the hatched portion of the 
figure. For the injection of n-carvone, the signal at 
the maximum of the peak was 6.51 x lo-’ V, and the 
Faraday coil produced a signal of 1.13 x 10e5 V. 
Since the Faraday coil was designed to produce a 
rotation of 2.86 x 10v4 deg, the half-width for the 
carvone peak was 12.0 set, corresponding to 0.10 ml 
after multiplication by the flow-rate (0.5 ml/min). 
From equation (6), the standard deviation for this 
peak is thus 42.5 ~1. If the peak is Gaussian, equa- 
tions (4) and (5) can be used to determine the fraction 
of the inject mass that is present in the cell. For the 
carvone peak centred in a detection cell with a 
volume of 101.5 ~1 the transformed variable z is 

obtained from 

z1 = 0 - l&/2 - 101.5/2 

= 42.5 
= -1.194 

=v 

and 

v,,, - V&/2 101.5 - 101.5/2 
22 = = = 42.5 1 * 194 (10) 

fJV 

A table of the standard normal distributionP can 
then be used to find the area fraction under the peak 
over the range of z from - 1.194 to 1.194. This 
fraction is 0.750, which signifies that 7.00 pg 
(0.750 x 9.30) of carvone was in the cell when the 
signal was at its maximum. For the 101.5~~1(0.53-dm 
path length) cell used in these studies, the concen- 
tration in the cell is therefore 6.87 x lo-’ g/ml. 
Substitution of this value into equation (7) yields 
a specific rotation of 45.4 deg.ml.dm-‘.g-’ for 
o-carvone. 

The polarimetric system used for these studies is 
based on a 632.8 nm source. Since most literature 
tabulations of specific rotations refer to measurement 
with the sodium D line (590 nm), the polarimetric 
system was used in a conventional manner for the 
direct measurement of the specific rotations for the 
compounds studied. All measurements were repeated 
three times and were limited by the precision with 
which the degree scale on the analyser stage could be 
read (0.1”). The literature values for the eight com- 
pounds studied, as well as the results for the direct 
measurements are summarized as the first two entries 
in Table 1. As expected, there are small differences in 
the chirality of these compounds at the two wave- 
lengths. 

Since peak area has been used previously for 
specific rotation measurements, it seems appropriate 
to compare the peak area and peak height techniques 
to assess their relative capabilities. Application of 
equation (1) with the peak area data for the eight 
compounds studied produced the results summarized 
in the third column of Table 1. The peak-area results 
were, within experimental error, equivalent to the 

Table 1. Comparison of peak-height and peak-area techniques for the 
calculation of specific rotation* 

Direct 
Compound Lit.? measurement&$ Area§,$ Peak heightsQ,lJ 

(R)-Limonene 106 88.7 f 3.8 84.6 & 3.4 89.0 f 2.9 
(S)-Limonene -100 -91.6 f 2.9 -91.1 f2.8 - 92.9 f 2.8 
crhinene 47.1 41.1 f 1,9 38.3 f 1.7 39.5 f 1.7 
fi-Pinene -21 -13.6* 1.1 -15.8kO.6 -14.1 f0.5 
Carvone -58 -46.7 f 2.5 -41.4 f 2.6 -45.8 f 2.3 
Nopol -37 -35.8 f 1.6 -36.0f 1.1 - 34.5 f 0.9 
Longifolene 45.7 32.2 f 2.6 33.3 f 7.5 33.7 f 4.0 
2-Butanol 11 11.9 f 1.2 10.9 f 0.5 11.2f0.5 

*Units deg.ml.dm-‘.g-‘. 
tFrom manufacturer; 590 nm. 
$632.8 nm. 
SUncertainties calculated from propagation of estimated errors. 
flUsing equation (7). 
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direct measurements for six of the eight compounds. 
The results for fl-pinene and carvone were outside the 
range predicted by experimental error. 

Application of the new technique as described 
above for carvone led to the results in the fourth 
column of Table 1. From these results several conclu- 
sions can be drawn concerning the method. First, it 
should be noted that the values obtained from the 
chromatographic data correspond to the injection of 
approximately 10 gg of material. This differentiates 
the laser-based polarimetric system from con- 
ventional ~la~rne~c rn~s~rnen~, especially con- 
sidering that the detection limit for this polarimetric 
system has been shown to approach the 10 ng level.” 
Secondly, the peak-height method produces results 

Table 2. Experimentally determined relative 
precision for the peak-height and peak-area 

techniques* 

Compound RSP, % RSDNd*“‘, % 

(R~Limonene 2.2 1.3 
(S)-Liionene 2.1 0.9 
a -Pinene 4.7 1.9 
fl -Pinene 8.9 4.9 
Carvone 3.4 3.1 
Nopol 3.9 2.0 
Longifolene 4.8 3.0 
kButano1 9.2 7.1 

*Relative standard deviation for 5 deter- 
minations. 
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that are, within experimental error, equivalent to ized in terms of the fraction of the analyte present in 
those obtained by direct measurement for all eight * the cell when the maximum signal is produced, 
compo~ds. The uncertainties listed in Table 1 were 
obtained by application of the rules of error propaga- 
tion to the experimental data and this analysis shows 
that the precision of the peak height method is better 
than that of either the direct measurement or the 
peak-area techniques. The propagated error for lon- 
gifolene is larger than for any of the other materials 
studied, This can be attributed to the fact that the 
retention time of longifolene under the chro- 
matographic conditions used was substantially the 
longest, resulting in a much larger peak width. Thus 
the uncertainty in determining cg* will be larger, 
since a smaller fraction of the dist~bution is being 
sampled, vide infa. Thirdly, the method works 
equally well for either laevorotatory or dextro- 
rotatory materials. Finally, the peak-height results 
are more comparable than the peak-area results to 
those obtained by direct measurement, for six of the 
eight cases studied. This suggests that the accuracy of 
the ok-height method is superior to that of the 
peak-area methods. One possible explanation for this 
may be the difference in calibrating the peak par- 
ameter in terms of rotation, For peak height, simple 
proportion between the Faraday signal and peak 
signal is used. For peak area, the Faraday signal must 
be integrated over a period of time and the rotation 
per unit time calculated before the calibration can 
be made. Thus the peak-height method is more 
straightforward. 

Table 2 lists the relative standard deviations ob- 
tained for the two methods (five replications of each 
dete~nation). The precision is good for each tech- 
nique and close to the limits of chromatographic 
reproducibility, but the peak-height precision is bet- 
ter in 7 of the 8 test cases, which suggests that the 
peak-height method is not affected by the chro- 
matographic conditions. To test this hypothesis, the 
peak-height technique was used to determine the 
specific rotation of D-lon~folene under chro- 
matographic conditions varied to change the capacity 
factor (k’) over the range from 1 to 4; all the results 
agreed within experimental error. This underscores 
the fact that if the analyte distribution is character- 

com~~sons of experiments will be rn~~n~ul 
whether the chromatographic conditions vary or not, 
making the method more robust. 

Since the fraction of the analyte distribution in the 
cell is a function of the cell volume as well as of the 
distribution parameters, the cell volume was tested as 
an experimental variable. The application of the peak 
height method to data obtained with a 13.7-~1 de- 
tection cell is summarized for two of the test com- 
pounds in Table 3. With this cell, only a small 
fraction of the total injected mass is in the cell at any 
one time, yet the method produces results of the same 
quality as with the larger cell. Thus the method is not 
limited by the size of the detection cell. However, the 
uncertainties of the specific rotations in Table 3 are 
greater than those obtained with the larger cell. This 
is because the ~-HZ sampling frequency limits the 
precision with which the half-width can be deter- 
mined to 0.5 sec. For the 13.7~~1 cell, the relative 
precision with which the fraction in the cell can be 
determined is thus larger than with the other cell. 
This is not a serious limitation, since it can be 
overcome by increasing the data-sampling frequency 
to match the experimental configuration. 

This method will obviously have its greatest appli- 
cation in the dete~nation of specific rotations for 
materials available in pure form. Thus, either chro- 
matographic or FIA systems could be used as the 
sample introduction techniques, and specific rotation 
measurements used, for example, to assess en- 
antiomeric purity for known materials, identify un- 
known compounds, or follow changes occurring at a 
chiral centre during a biochemical reaction, It is also 
possible to apply the technique in a true chro- 
matographic fashion to an unknown multi- 

Tabie 3. Specific rotation as a function of cell volume 
(~~-hei~t ~hniQ~~’ 

Compound cell 1 (101.5rl) cell 2 (13.7 ul) 

Carvone 45.8 f 2.3 45.2 f 3.8 
(S)-Limonene 92.9 f 2.8 92.7 f 3.6 

*Units deg.ml.dm-‘.g-‘; at 632.8 nm. 
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companent sample, providing another measurement 
is available to apportion the injected mass between 
the various components. This is what has been done 
previously with peak-area measurements in a chro- 
matographic separation. r8 One possibihty would be 
to monitor the effluent simultaneously with a refrac- 
tive index detector, thereby ensuring a response for 
all components. Again, peak heights could be used, 
assuming that the refractive indices of the various 
components are similar under the extremely dilute 
conditions used in modern HPLC. Although both the 
pertkarea and peak-height techniques requite a sea 
ond measurement to apportion the injected mass, the 
peak-height technique will give superior results when 
the chromatographic peaks are not fully resolved, 
and may give specific rotation information even when 
the peak-area method would not produce meaningfui 
results. 

Tbe requirement that the analyte distribution 
should be Gaussian can be a limitatian in certain 
chromatographic situations, since asymmetrical 
peaks, due to tailing or other effects, are common. 
However, this l~rnita~o~ can be overcome by the use 
of an exponentiaby modified Gaussian (EMG) 
f~ction~~~ to describe the dis~bution. Recent 
work2’ has shown that the EMG faction is an 
accurate description of a tailed chromatographic 
peak. 

In conchtsion, a new method has been described 
and evahrated which permits specific rotation mea- 
surements to be made from peak-height data and 
statistical characterization of the peak moments. The 
method can produce accurate and precise results with 
microgram or smaller amounts of material, and is 
easier to implement and mare precise t&m the peak- 
area method. Obviously, its precision wili be a dis- 

tinct advantage when changes in spec& rotation are 
to be used to discern subtle differenoes occurring at 
or near a chiral centre, For example, the method has 
been used” to show that erythromycin A, with a 
specific rotation of 72.3 deg.ml .dm-‘,g-’ can be 
distinguished from erythromycin C, with a specific 
rotation of 65.7 deg,ml.dm-‘-g-l. The difference in 
structure between these two erythromycins consists of 
the substitution of a hydroxyl group (in erythromycin 
A) for a methoxy group (in erythromycin C), a 

change of only about 2% in the molecular weight. 
The method may also be modifiable for use with 
mm-Gaussian peaks, as shown by recent work with 
exponentially modified Gaussian functions as models 
for tailed chromatographic peaks, and this warrants 
further investigation, 
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Summary-The solvent effect on the photostability of Hg(I1) dithizonate in daylight and under laser 
irradiation has been confirmed and benzene found to be the best solvent to use in photometric work with 
Hg(I1) dithizonate. A 1: 1 v/v mixture of benzene and carbon tetrachloride is recommended for use in the 
laser-induced photoacoustic spectrometric determination of Hg(I1) dithizonate. A detection limit of 0.8 
ng/ml has been attained, together with a linear dynamic range of 3 orders of magnitude. Coupled with 
a concentration factor of 50 obtained by extraction, the method shows promise for the detection of Hg(I1) 
at the 5-pg/ml level in water. 

Being toxic, mercury is regularly determined in a 
wide variety of samples such as air, waste-water, soil, 
food, human blood and urine. Ure comprehensively 
reviewed the literature up to 1973 on the analytical 
aspects of non-flame atomic-absorption and atomic- 
fluorescence methods for the determination of 
mercury.’ Chilov compared the commonly used 
methods for the determination of trace amounts of 
mercury, in terms of sensitivity and ease of ap- 
plication.2 Various new and improved methods 
have been developed recently, based on spectro- 
photometry,3A potentiometry,‘” ion-selective elec- 
trodes,7,8 polarography,9 stripping voltammetry,‘c’2 
atomic-absorption spectrometry,‘3-‘7 atomic-fluor- 
escence spectrometry,‘*-20 X-ray fluorescence,21 
photoacoustic spectrometry,22 piezoelectric de- 
tection,23 neutron-activation analysis,24*25 proton- 
induced X-ray emission,26 ion-chromatography*’ and 
liquid chromatography. 2*.29 The most recent reviews 
are by Sud” and Krishnasamy and Ayyadurai.” 

During the past decade, many new complexing 
and chromogenic reagents have been synthesized for 
the extraction-spectrophotometric determination of 
Hg(II),4.32-3s but dithizone is still widely used because 
of its high selectivity for Hg(I1) under specific 
conditions.3s3”1 It has been reported that Hg(I1) 
dithizonate in benzene, chloroform or carbon tetra- 
chloride is light-sensitive.3,37*42*43 When exposed to 
visible light, a solution of Hg(I1) dithizonate in these 
solvents changes its colour from orange-yellow to 
royal blue; if the solution is then kept in the dark, 
its colour gradually returns to orange-yellow. This 
photochromism of Hg(I1) dithizonate could cause 
a changing absorbance reading during a spectro- 

*Author to whom all correspondence should be. addressed. 

photometric measurement. Furthermore, it has also 
been observed that in these solvents Hg(II) dith- 
izonate is decomposed irreversibly by daylight (in 
particular the ultraviolet component), with a re- 
sulting decrease in absorbance. Consequently, the 
extraction and spectrophotometric determination of 
Hg(I1) as its dithizonate should be done under con- 
trolled dim light or in darkness, and the overall time 
should be minimized.” 

This paper reports the use of dithizone in the 
extraction of Hg(I1) from aqueous samples and the 
subsequent determination of Hg(I1) dithizonate in the 
organic extracts by laser-induced photoacoustic spec- 
trometry (LIPAS).” It examines the effect of the 
photostability of Hg(I1) dithizonate in various sol- 
vents on the determination of trace mercury by 
LIPAS. The results are applied to developing an 
ultrasensitive method of dithizone extraction-photo- 
acoustic spectrometry for the determination of Hg(I1) 
in water at the rig/l.. level. 

EXPERIMENTAL 

Reagents 
ACS grade reagents and demineralized water were used. 
Dithizone solution. The concentration was 0.001% in the 

solvent chosen for the experiment. The solution was covered 
with 0.N sulphuric acid and stored in darkness. 

Standard solution of Hg@I) sulphate. The mercury 
concentration was 2&nl in 0.5M sulphuric acid.” This 
concentration should not change within a few days. 
Mercury(I1) is more rapidly and completely extracted 
with dithizone from sulphuric or nitric acid than from 
hydrochloric acid.’ 

Apparatus 
Specrrophoromerers. Hilger 700 spectrophotometer and 

Perkin-Elmer Coleman 124 double-beam spcctrophotometer. 
Lux meter. International Light 1350 radiometer/pho- 

tometer. 
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Fig. 1. ~m~sition of Hg(II) dithizonate with time 
under SOO-lux daylight irradiation. 0, CHCl,; 0, Ccl,. 
Concentration of Hg(I1) dithizonate = 1.4 rg/ml; initial 

absorbance = 0.098. 

Power meter. Opt&on 66XLA optical ~wer~energy 
meter with an Ontikon 400 broadband Si sensor head. 
calibrated by the 5.S. National Bureau of Standards. ---’ 

Laser. Lambda Physic Fl2000 dye laser pumped by an 
N2000 nitrogen laser. 

Photoacoustic ceil. An &mm diameter cylindrical boro- 
silicate cell attached to a Vernitron 8-8031 piezoelcctric 
ceramic tube transducer.” 

3oxce auerager. Stanford Research Systems 250 gated 
integrator and boxcar averager. 

Dithizone extraction 
Sixty ml of O.JM sulphuric acid, an aliquot of standard 

Hg(I1) solution and 2.5 ml of organic solvent were placed 
in a separatory funnel. The mixture was shaken vigorously 
for 1 mitt to saturate the aqueous phase with the organic 
solvent. After separation from the organic phase, the aque- 
ous solution was extracted with 5.0 ml of dithizone solution 
under weak fluorescent light for 1 min. Any excess of 
dithizone in the organic phase was removed by washing with 
dilute ammonia solution (1 + 1OOO);37 This step was neces- 
sary because the presence of excess of free ligand increases 
the rate coefficient of photochromic relaxation of Hg(I1) 
di~izonate.” If this sten was omitted. ir~nr~ucible data 
were obtained. After separation of p~~es,.~iquots of the 
organic phase were used for photostability studies and 
LIPAS measurements. 

Photo&composition 
A 2.5-ml portion of the organic extract containing the 

Hg(II) dithizonate was sealed in a l-cm path-length fused- 
silica cuvette, and its absorbance (A) was m&tired at 
490 nm. It was then &aced outdoors for a known time at 
daylight intensities measured with the lux meter. The ab- 
sorbance was then monitored unti1 a steady-state reading 
was obtained (i.e., the photochromic relaxation had 
finished). The decrease in absorbance (AA) from the value 
before the irradiation was obtained by subtraction. 

Fig. 2. Decomposition of Hg(I1) dithizonate under day- 

The ohot~ro~sm of H&II) dithizonate in different 
solvents under irradiation b;’ the light in the spectra* 
photometer, fluorescent light and sunlight was examined by 
eye. Quantitative measurement is complicated because the 
photochromic relaxation of the complex in some solvents is _ . . _ . 
faster than the response ot- the spectrophotometer. A new 

light irradiation of varying intensities for 15 min: 0, CHCI,; 
0, CCL. Concentration of Hg(II) dithizonate = I .4 I.cg/ml; . . _ ^ ̂ ^^ 

technique for this measurement is being developed in our 
laboratory. 

Photoacoustic spectrometry 
The experimental arrangement for the LIPAS measure- 

ments was similar to that described eisewhere.q A OS-ml 
volume of sample solution was placed in the phot~co~tic 
cell (the 8-mm diameter of which constituted the optical 
path-length. The dye laser was operated at a repetition rate 
of 25 Hz. The LIPAS signal detected by the piezoelectric 
transducer was amplified before it was processed bv the 
boxcar averager. The boxcar gate was set at a delay t&e of 
36 psec to measure the amplitude of the first positive 
excursion of the pulsed signal. 
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?hotodecomposition 

RESULTS AND DTSCUSSION 

Hg(I1) dithizonate in solution can be decomposed 
irreversibly by daylight, both during the transfer of 
samples4’ and when contained in ordinary glass- 
wareS3’ The photodecomposition is strongly de- 
pendent on the nature of the solvent. Under illu- 
mination by 500 lux of outdoor daylight for 20 min, 
the absorbance of an Hg(I1) dithizonate solution in 
chloroform decreased by only about 3% whereas the 
absorbance of a carbon tctrachloride solution is 
decreased by about 40%, the decrease being directly 
proportional to illumination time (Fig. 1). As shown 
in Fig. 2, Hg(I1) dithizonate in carbon tetrachloride 
was stable when the illumination intensity was less 
than 200 lux, but was decomposed rapidly at higher 
intensiti~. The steeper slope for the carbon tetra- 
chloride solution shows that this solution is more 
light-sensitive than the chloroform solution. Benzene 
and methylene chloride solutions were also studied. 
The stability of the solutions decreased in the order 
C, H6 > CHCl, > CH2Cf2 > CC14. A suitable solvent 

aoa - 

aos- 

Intensity (lux) 

mihal absorbance = U.UYL(. 



Photoacoustic spectroscopic dete~nation of trace mercury 481 

should, therefore, be selected for the dithizone extrac- 
tion of Hg(I1) before its determination by LIPAS or 
low results will be obtained. 

The relevance of the data above to determination 
of Hg(I1) by dithizone extraction and LIPAS is 
obvious. The light-sensitive region for the photo- 
decomposition of Hg(II) dithizonate in the solvents 
mentioned has been found by us to extend up to 
350 nm, with the sensitivity varying as a function 
of wavelength. Standard window glass of 3-mm 
thickness has 50% trans~ssion at 330 nm, and 
borosilicate glass of IS-mm thickness 50% at 311 
nm.49 Since the integrated solar radiation flux 
(photons.cm-2.sec-‘) at 31 l-350 nm is four times 
that at < 311 m,M the use of horosilicate separatory 
funnels and photoacoustic cell indoors will not 
exclude the possibility of photodecomposition. This 
is con&n& by the observation of Schmidt and 
Rautsche that under diffuse daylight the photo- 
decomposition of dilute Hg(I1) dithizonate solutions 
was nearly 65% complete after 3 hr.$’ It is also 
consistent with the report of Litman et al. that if 
solutions of Hg(II) in nitric or perchloric acid are 
extracted with dithizone in carbon tetrac~o~de, the 
complex is unstable and decomposes to a significant 
extent (3060%) within 20 min.3a Clearly, these 
effects can be avoided by proper choice of solvent etc. 

Photochromtim 

The photo~~~romism of Hg(I1) dithizonate had 
been found to be very strong in dry non-polar 
(or weakly polar) solvents4* However, the photo- 
chromism of H&II) dithizonate in these solvents alter 
extraction from 0.94 sulphuric acid differs consid- 
erably, increasing in the order C,H, < CHCI, < 
CeH,CH, < CH2C12 c Ccl, c C6H,Cl, as evidenced 
by the following observations. In chloro~n~ne, the 
colour of the Hg(I1) dithizonate solution is changed 
even by the light-beam passing through the sample 
compartment of the spectrophotometer. Under ordi- 
nary fluorescent light (approximately 140 pW/cm2), 
the solution in carbon tetrachloride or chlorobenzene 
changes colour but not that in chloroform. There was 
no photochromism in benzene solution except under 
direct sunlight. 

Marczenko3 and Irving3’ reported that the yellow 
colour of Hg(I1) dithizonate in organic extracts 
can be stabilized by shaking them with 2M acetic 
acid. However, our work has shown that though 
the phot~hro~~ effect is inhibited, acetic acid 
fails to prevent the photodecomposition of Hg(I1) 
dithizonate. 

Photoacoustic spectrometry 

LIPAS has been proved useful for the trace deter- 
mination of various metals and organic compounds, 
e.g., cadmium has been determined by LIPAS after 
extraction as cadmium dithizonate into chloroforrns2 
The detection limit was 0.02 n&ml, which is two 
orders of magnitude lower than that for conventional 

Fig. 3. Changes in photoa~ustic signal amplitude when a 
460-mn laser beam was incident on Hg(II) dithiionate 
solutions in (a) benzene, (b) CHCI,, (c) CH, Cl2 and 

(d) Ccl,. 

spectrophotometry. However, if the sample solution 
exhibits photochromism when irradiated with a laser 
beam at the analytical wavelength, the LIPAS signal 
(which is directly proportional to absorbance) will 
decrease with time. This will seriously degrade the 
performance of the method, so a solvent which can 
prevent photochromism should be used. 

The results discussed above have been utilized in 
LIPAS determination of Hg(I1) dithizonate. A wave- 
length of 460 mn [at which the absorbance of Hg(I1) 
dithizonate is only 70% of that at &_I and a laser 
power of 0.48 mW were used. Figure 3(a) show that 
the LIPAS signal for a benzene solution of Hg(I1) 
dithizonate does not decrease si~ficantly with time, 
whereas the signals for chloroform, methylene chlo- 
ride and carbon tetrachloride do [Fig. 3(b)-(d)], the 
decrease indicating the extent of photochromism. For 
Hg(I1) dithizonate, the best solvent among the four 
studied is undoubtedly benzene. 

A wavelength of 506 nm was selected for the next 
LIPAS experiment because it is the closest to the 
absorption maximum of Hg(I1) dithizonate and the 
least likely to suffer interference from any residual 
dithizone after the extraction, and the absorptivity 
of Hg(I1) ~~izonate is still 84% of that at J._. 
Figure 4 shows the changes in photoacoustic signal 
when solutions of Hg(I1) dithizonate in different 
solvents were suddenly exposed to irradiation by the 
0.67-mW laser beam. Signals (a)-(c) were boxcar 
averages of 30 samples. Figure 4(a) shows that with 
chlorofo~ as solvent the LIPAS signal becomes 
steady after irradition for 100 set, whereas the sigual 
for benzene solution [Fig. 4(b)] becomes steady 
within the first 16 set of irradiation. In spite of this 
time-advantage, because the density of benzene is 
lower than that of water, a benzene-carbon tetra- 
chloride mixture (1: 1 v/v, density 1.2 g/ml) would be 
more convenient in practice for extractions from 
large volumes of aqueous solution, and gives as good 
an LIPAS signal as benzene does, Fig. 4(c). The 
undesirable spike due to the initial decay of the 
LIPAS signal can be suppressed electronically by 
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Fig. 4. Changes in photoacoustic signal ~plitudes when a 
506-run laser beam was incident on Hg(I1) dithizonate 
solutions in (a) CHCI,, (b) benzene, (c) benzene-CC1, and 

(d) benzene-CC& (with IOO-sample boxcar averaging). 

boxcar averaging of 2 100 samples. The effect of 
100~sample averaging is shown in Fig. 4(d); it 
provides a steady and less noisy signal after only 
20 sec. 

The determination of Hg(I1) dithizonate in the 
mixed solvent by LIPAS was examined. A log-log 
calibration plot of the LIPAS signal @V) rs. complex 
concentration from 3 to 2000 ng/ml was a straight 
line of unit slope, correlation coefficient 0.99. The 
limit of detection, calculated as the concentration 
giving a signal three times the background noise, was 
0.8 ngfml when 300-sample averaging was employed. 
If a ~n~ntration factor of 50 is assumed for the 
extraction process (from 50 ml to 1 ml),39 then the 
technique can detect 20 pg/ml Hg(I1) dithizonate, or 
5 pg/ml Hg(II) in a water sample. This compares 
favourably with the detection limits of most other 
techniques, e.g., 0.1 ng/ml for non-dispersive atomic 
fluorescence spectrometry (with an electrodeless dis- 
charge lamp and an argon-hydro~n~nt~ned-air 
miniflame)” and 40 pg/ml for ICP atomic fluor- 
escence with a mercury vapour lamp operating in the 
pulsed mode. I9 Both these methods used cold vapour 
generation as the preconcentration technique. How- 
ever, although the present method cannot compare, 
in terms of detection limit, with atomic-abso~tion 
spectrometry with amalgamation on gold to concen- 
trate the Hg from a 500-1000 ml water sample,1s~‘6 it 
has a higher precision than the 10% for that method. 

There is little interference from other metal ions. 
Most of them will not be extracted along with Hg(II) 
by dithizone from OSM sulphuric acid, except Ag, 
Au, Cu, Pd and Pt.3*45 These possible interferences 
can be eliminated by the addition of ethylene- 
diaminetetra-acetic acid and/or potassium thio- 
cyanate as masking agents,4s or by means of 
kinetically-controll selective extraction.3*37t” 

The extraction of Hg(I1) at trace concentrations 
with dithizone in the presence of various anions has 
been studied by Litman ei a1.,‘6 who showed that the 

extraction is hindered by anions at the concentrations 
typically found in environmental samples. One 
reason for incomplete extraction of Hg(I1) by dith- 
izone is formation of HgXi*-“) complexes in the 
aqueous phase, where X stands for Cl-, I-, Br- or 
CN-. Hence hydrochloric acid should not be used 
as the sample medium for extraction. It was also 
observed that both the extraction efficiency and stab- 
ility of the dithizone complex are dependent on the 
anion-to-mercury ratio, which may indicate possible 
participation of these anions in the formation of the 
Hg(I1) dit~zonate complex. However, in deter- 
mination of Hg(II), this chemical interference by 
anions can be compensated for by applying the 
method of standard additions of Hg(I1) to the en- 
vironmental samples and using a stabilizing solvent 
such as benzene for extraction. 

CONCLUSIONS 

An extraction-LIPAS method based on dithizone 
has been developed for the determination of trace 
Hg(I1). With a laser power of 0.67 mW at 506 nm, 
it offers a detection limit of 0.2 ngjml Hg(II), with- 
out preconcentration by extraction, and a linear 
dynamic range of over three orders of magnitude. 
Both the photodecomposition of Hg(I1) dithizonate 
under daylight and its photochromism under laser 
irradiation can affect the accuracy of the LIPAS 
dete~ination, but this can be overcome by selecting 
a suitable solvent. The method may be extended to 
the determination of organomercury compounds in 
environmental and speciation studies. 
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Summary-The energy transfer process from the excited phenyl group of micellar benzalkonium chloride 
(BAC) to solubilized anthracene is described. NMR studies show the solubilization site of the anthracene 
to be near the phenyl group in the BAC micelles. The system gives an energy transfer efficiency of 0.741 
and the donor-acceptor separation is 41.4A. 

Forster energy-transfer processes have been em- 
ployed as “spectroscopic rulers” in the determination 
of interchromophore distances in macromolecules 
and microheterogeneous systems.’ Energy transfer 
occurs when donor fluorescence and acceptor absorp 
tion bands overlap-the absorption spectra should be 
such that the donor can be excited without excitation 
of the acceptor.* The transfer competes directly with 
emission and non-radiative de-excitation of the ex- 
cited donor3 and the acceptor may or may not radiate 
part of the transferred energy. The extent of energy 
transfer can be monitored by observing the 
donor-acceptor emission intensity ratio. This ratio 
has been found to be relatively insensitive to the effect 
of light-scattering.* 

This energy transfer between fluorescent molecules 
is revealed by the quenching of donor fluorescence 
and the appearance of sensitized fluorescence of the 
acceptor. In micellar solutions, it has been shown to 
occur between thionine and Methylene Blue solu- 
bilized in sodium lauryl sulphate (SLS) micelies. The 
overall efficiency of the process was found to be 
related to the micellar aggregation number, the ac- 
ceptor concentration and the intramicellar transfer 
efficiency. The energy transfer from diphenyl- 
acetylene to pyrene has been successfully employed to 
determine the aggregation number of SLS micelles.* 

Surfactants that themselves contain donor groups 
can be used to observe energy transfer to associated 
species. Almgrer? has studied the excitation energy 
transfer from the phenyl groups of sodium phenyl- 
undecanoate to solubilized naphthalene molecules. 
Similar work has been done for pyrene molecules 
solubilized in non-ionic micelles of Igepal CO-63O.‘j 
The phenomenon has been advanced as evidence for 
the solubilization of aromatics inside the micelle, in 
close proximity to the phenyl group. Efficient energy 
transfer depends on several factors: the probability 
that acceptors have penetrated the micelle, intra- 
micellar energy transfer efficiency, the orientation of 

*Author to whom correspondence should be addressed, 

the acceptor with respect to the donor, diffusion of 
acceptor species, and the solubilization site. 

The mechanism incorporation of solutes in mi- 
cellar solutions can be investigated by NMR spec- 
troscopy. The chemical shifts and resonance line 
widths of surfactants and solutes can provide accu- 
rate info~ation on solubilization sites, since these 
parameters are sensitive to the molecular environ- 
ment. They are assessed by comparing the NMR 
spectrum of pure micellar surfactant with the spec- 
trum of the surfactant containing the associated 
species. For instance, in surfactants containing a 
quate~ary ammonium group, the binding shows 
itself most directly through changes in the widths 
and/or heights of the -CH,-, a-CH, and (CHJ)rN 
group resonances. Henrikson7 has reported that rela- 
tively unrestricted motion of the group containing the 
proton leads to slow proton relaxation and narrow 
NMR lines. If the molecule is restrained and its 
motion is restricted in the vicinity of the group 
containing the proton, then the relaxation rate 
increases and the line broadens. 

In the present study, the solubilization site of 
anthracene in micellar benzalkonium chloride (BAC) 
was determined, The energy transfer from the phenyl 
group of micellar BAC to solubilized anthracene was 
shown, and the distance between the phenyl group 
(donor) and anthracene (acceptor) in the micelles 
determined. 

EXPERIMENTAL 

BAC and anthracene (99+ % pure) were purchased from 
Sigma and used without further purification. Deuterium 
oxide (Aldrich, 99.8 atom% D), containing 0.75% sodium 
3-(trimethylsilyl)-2,2,3,3-d, propionate was used as the sol- 
vent in the NMR studies. 

High-resolution proton NMR spectra were obtained with 
an IBM/NR3~ FTNMR soectrometer. All suectra were 
recorded at ambient probe temperature (35.00).-Abso~tion 
measurements were obtained with a Perkin-Eimer Lambda 
4C spectrophotometer and fluorescence spectra were taken 
with a Perkin-Elmer MPF 66 fluorescence spectrophoto- 
meter equipped with a thermostatic cell housing. All optical 
measurements were made at 25.0”. Fluorescence was 
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Fig. 1. proton NMR spectra in DZO of (a) 1.0 x 10c2M BAC, (h) 1.0 x lO-*M BAC saturated with 
anthracene. 

measured in a l-cm cell and all spectra were corrected for 
the blank. 

RESULTS AND DISCUSSION 

Proton NMR studies 

The proton NMR spectrum of the surfactant 
(BAC) is shown in Fig. la. The peaks for the 
methylene protons merge at around 1.17 ppm, show- 
ing a broad peak with little splitting. The terminal 
methyl group gives a well resolved triplet with a 
maximum at 0.83 ppm. The a-CH, peak resonating at 
2.99 ppm is very small; the singlet at 2.93 ppm is due 
to (CH&N+. 

The addition of anthracene alters the micellar 

properties and allows less motional freedom for both 
polar and non-polar groups. Figure 1 b shows broad- 
ening and a loss of resolution of the major (CH,), 
signal. The (CH&N+ resonance is also a&ted-the 
signal broadens and increases in height. This is 
accompanied by a slight upfield shift of 0.01371 ppm. 

Okabayashi and Takahashi* found that the solu- 
bilization of large flat molecules in micelles reduces 
the mobility of the hydrocarbon segments of the 
micelles. Raman spectroscopy showed a significant 
increase in the rigidity of the hydrocarbon parts of 
lecithin on addition of cholesterol? In the present 
case, restriction of segmental motion because of 
solubilization of anthracene appears to cause the 
line-width broadening of the (CH,), resonance. The 
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Fig. 2. The effect of concentration on the absorption spectrum of BAC. (a) Below the cmc; (b) above the 
ClllC. 

resolution of the a-CH, resonance of BAC is also 
influenced by the addition of anthracene. It is broad- 
ened and somewhat separated from the (CHS)*N+ 
peak. This suggests that the anthracene resides at a 
site close to the a-CH, group. 

The spectral features above indicate a preference 
for solubilization of anthracene at the polar end of 
BAC. This brings it into close proximity with the 
phenyl group of the micellar surfactant. The line- 
width broadening of the methylene peak is attri- 
butable to those CH2 groups in the chain that are 
located near the polar end of the detergent hydro- 
carbon chain. Although the local mobility at both the 
polar and non-polar ends of BAC is decreased on 
addition of anthracene, the effect seems to be most 
pronounced in the polar region. This suggests that 
anthracene comes into considerable contact with the 
(CH,),N+ group of BAC. 

served similar behaviour of Triton X-100 micelles. 
The new spectral band was attributed to dimeric 
species that appear at higher concentrations. In BAC, 
the mutual proximity of phenyl groups in the micelles 
gives rise to the observed excimer band. The 
monomer/excimer emission intensity ratio remains 
approximately constant when the BAC concentration 
is further increased. 

Energy transfer 

As discussed above, the proton NMR studies 
indicate that anthracene is solubilized at the polar 
end of micellar BAC and is located close to the 
surfactant phenyl group. The energy-transfer 
efficiency, E, between BAC and anthracene, is deter- 
mined from the quenching of the donor fluorescence 
and the excitation spectrum of the acceptor.iO The 
following relationship is employed: 

BAC absorption in the ultraviolet E = [G(A,)IG(U - &(&)/&(~,)I 

Aqueous BAC solutions of low concentration 
show distinctive ultraviolet absorption spectra 
(Fig. 2). These change significantly when the surfac- 
tant concentration is raised above the critical micelle 
concentration (cmc). The three bands coalesce to 
form a single, broad blue-shifted peak when the cmc 
is reached (Fig. 2). Plots of molar absorptivity vs. 
BAC concentration (Fig. 3) show the dependence of 
absorption on surfactant concentration. The break at 
about 6 x 10m3M is interpreted as representing the 
cmc. 

x L%(~,YE,@,)I (1) 
where G(1) is the magnitude of the corrected ex- 
citation spectrum of the energy acceptor excited at 
wavelength 1. The molar absorptivities of the energy 
donor (BAC) and acceptor (anthracene) at that wave- 

BAC Juorescence 

The fluorescence spectrum of aqueous BAC is 
concentration-dependent (Fig. 4). At concentrations 
below the cmc, it consists of a broad band with a 
maximum at 317 nm. As the concentration is in- 
creased, the band shifts to longer wavelengths. This 
is due to premicellar interactions between individual 
surfactant species. At concentrations above the 
cmc, an additional band appears with a maximum at 
340 nm. Kalyanasundaram and Thomas6 have ob- 
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3. Change in molar absorptivity of BAC with 
concentration. 
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100 
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Fig. 4. Effect of varying concentration on the fluorescence emission spectrum of BAC: (a) 1.78 x 10-3M; 
(b) 2.66 x 10-3M; (c) 4.03 x lo-)M; (d) 2.37 x lo-“M. 

length are E,(1) and EA(A), respectively. G is mea- 
sured at two wavelengths: at A,, where the donor has 
no absorption, and at 1, where the absorptivity of the 
donor is large compared to that of the acceptor. 

From E,(n), EA(l) and the concentrations of the 
donor (CD) and acceptor (CA), the fraction of light 
absorbed by the acceptor can be calculated.’ This 
fraction is given by 

x=EA~A/(~AEA+cDED) (2) 

A value of 5.98 x 10m4 was found for anthracene. 
The quantum efficiency, Q,, of the fluorescence 

donor can be calculated by using the relationship of 
Lowey and Marsh:” 

(area under emission spectrum of BAC) 

(area under emission spectrum of quinine sulphate 

X 
0.70 (A,,? EriniiCsulphate) (3) 

252 

where 0.70 is the quantum efficiency of quinine 
sulphate in 0.05M sulphuric acid,12 and A,,, is the 
absorbance at 252 nm. 

The quantum efficiency of BAC was found to be 
0.348. This is comparable to the value obtained 
for Igepal CO-630 (0.34)6 and for N-{[(iodo- 
acetyl)aminoJethyl}-S-naphthylamine-I-sulphonic acid 
(0.30)” 

The quantum efficiency is used in the calculation of 
the Forster radius, R,, given by: 

h = 9(ln 10) k 2Q~J(v ) 
128 x5n4N 

= 8.785 x 10-25k2Q,n -4J(v) (4) 

where n is the refractive index of the intervening 
medium, k2 is the orientation factor, J(v) is the 
overlap integral and N is Avogadro’s constant. The 
overlap integral describes the relationship between 
the fluorescence emission of the donor and the ab- 
sorptivity of the acceptor. It is given by: 

J = 

f 
F&b%(“) dv 

V4 (5) 

where FD is the fluorescence intensity of the donor 
and v is the frequency. J was calculated by a 
Simpson’s rule integration of the function in 
equation (5). 

The energy transfer efficiency for BAC/anthracene 
was found to be 0.741. This is in the range (0.5-1.0) 
predicted by Almgren5 for the phenyl group of the 
sodium phenylundecanoate micelles and solubilized 
naphthalene. As given in equation (I), E is indepen- 
dent of the change in quantum yield of the donor as 
the acceptor is incorporated into the micelles. Thus, 
E is not affected by changes in the local environment 
of the donor in the presence or absence of the 
acceptor. 

The anthracene molecules, solubilized near the 
phenyl groups of BAC, are expected to be homoge- 
neously distributed within the micelles. It is assumed 
that the orientations of the donor-acceptor species 
are completely averaged within the lifetime of the 
transfer process, i.e., the donor and acceptor are free 
to rotate during the excited state lifetime of the 
donor. In view of this, an average value of k2 = 213 
was used in these calculations.3 

The rate of energy transfer is dependent on the 
donor-acceptor separation, R, which is given by: 

R = R&(1/E) - 1]“6 (6) 

The separation was found to be 41.4 A, which is more 
than twice as large as the 15 A obtained for Igepal 
CO-630 and pyrene.6 However, Lowey and Marsh” 
have reported R-values in the range 2646A, and 
Hillel and Wu” have indicated that energy transfer 
can be used to measure distances in the range 
IO-100 A. 

CONCLUSIONS 

The red shift observed in the emission spectrum of 
BAC at concentrations above the cmc allows for 
strong overlap with the absorption spectrum of 
anthracene. This results in a relatively high energy- 
transfer efficiency (0.741). NMR studies show that 
the solubilization site of anthracene in BAC micelles 
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is near the polar end of the surfactant chain, close to 
the phenyl group. At concentrations below the 
cmc very little energy transfer is observed. The 
fluorescence emission of BAC at above the cmc is 
77.6% quenched by anthracene, as compared to 
5.8% at below the cmc. The calculated distance of 
41.4 A between the BAC phenyl group and the 
solubilized anthracene molecule is relatively large, 
but should only contain a minor uncertainty arising 
from the assumed value of k2 (2/3). The phenyl group 
is part of the surfactant chain and the free rotation 
during its excited-state lifetime is not expected to 
have a major effect, since k2 is averaged over the 
lifetime of the transfer process. 
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S~~nm~ary-A spectrophotometric method is described for the determination of acetaxolamide, frusemide, 
polythiazide, benzthiaxide, hydrochlorothiazide, hydroflumethiaxide, trichlormethiaxide and amiloride 
hydrochloride (AML) either in pure form or in pharmaceutical formulations. The method is based on the 
reaction with ~-N,N-dimethylphenylen~ia~ne dihydrochloride and chloramine-T, to give a coloured 
product having rn~rn~ absorbance at 660 nm (for AML) or at 540 nm for the others, and reproducible 
within f 1 .O%. 

Many of the reported visible-region spectrophoto- 
metric methods for the determination of diuretics 
such as amiloride hydr~hlo~de (AMI),’ frusemide 
(FRU),” acetazolamide (AZ)s7 and thiazides [benz- 
thiazide (BZT), hydrochlorothiazide (HCT), hydro- 
flumethiazide (HPT), polythiazide (PT) and trichlor- 
methiazide (TCM)]“‘O suffer from lack of sensitivity 
or specificity. This paper describes the development 
of a simple, sensitive and inexpensive method using 
~-~,~~methylph~ylen~iamine dihydr~hlo~de 
and chloramine-T, which is applicable to assay of 
these drugs in bulk samples and a wide variety of 
pharmaceutical preparations. 

Apparatus 
EXPERIMENTAL 

A Systronics model spectrophotometer 10.5 (MK 1) with 
l-cm matched glass cells was- used for all the absorbance 
measurements. An Elico digital model LI-120 pH-meter was 
used for pH measurements. 

Reagents 
All sotutions were prepared in doubiy distilled water. 

Freshly prepared aqueous solutions of 0.05% p-N,N- 
dime~ylphenylenediamine dihydrochloride (DMPDH, 
Fluka) and 0.2% chloramine-T (CAT, LOBA analytical 
grade) were always used. 

Standard drug solutions 
About 100 mg each of AZ, BZT, FRU, HCT, HFT, FT 

and TCM wem accurately weighed and separately heated 
under reflux with 10 ml of 5M sodium hydroxide on a 
boiling water-bath for 30 min, and after cooling and adjust- 
ment to pH 7.0 with hydrochloric acid the solutions were 
diluted to volume with water in IOO-ml standard flasks. 
These stock solutions were further diluted to give working 
solutions of AZ (125 fig/ml), BZT or HFI’ (250 pglml) and 
FRU, HCT, FT or TCM (500 &ml). For the AML 
solution the drug (25 mg) was dissolved in 100 ml of distilled 
water. 

All chemicals used were of analytical or pharmacopoeial 
grade. 

+Autbor for correspondence. 

Analysis of bulk samples 
Method A. Volumes of the standard AML solution 

ranging from 0.2 to 3.0 ml were placed in a series of IO-ml 
standard flasks, 1 ml of DMPDH solution and 1 ml of CAT 
solution were added to each and the mixtures were diluted 
to the mark with distilled water. The absorbances were 
neasured at 660 nm after not less than 10 or more than 50 
min against a reagent blank prepared in a similar manner. 
The results were plotted in a calibration graph. Samples 
were analysed in the same way. 

Method B. Volumes of the working standard solutions of 
the hydrolysed diuretics (AZ, BZT, HCT, HFT, FRU, FI’ 
or TCM) (to cover the calibration ranges given in Table 1) 
were transferred into a series of stoppered tubes graduated 
at 25 ml. One ml of CAT solution and enough distilled water 
to bring the volume to 5 ml were added to each, and the 
tubes were kept in a water-bath at 70” for 10 min, then 
cooled; 1 ml of DMPDH solution was then added to each 
flask and the solutions were difuted to the mark with 
distilled water. The absorbances were measured at 540 nm 
during the colour-stability period (l-8 min after this dilu- 
tion for thiazides. 10-40 min for AZ and 10-75 min for 
FRU) against a reagent blank prepared in a similar manner. 
The results were plotted in calibration graphs. Samples were 
analysed similarly. 

Analysis of ~harmaceut~coi pre~rotio~ 
Sing/e-component dosage forms. A weighed amount of 

powdered sample equivalent to 100 mg of the diuretic was 
extracted with acetone (4 x 10 ml). The residue from the 
acetone extracts was treated in the same way as for prepa- 
ration of the corresponding standard drug solution and 
analysed by method B. In the case of AML-HCT tablets, 
an amount of powdered tablets equivalent to 25 mg of AML 
was extracted directly with distilled water (4 x 10 ml) and 
the extract was diluted to 100 ml and analysed by method 
A for AML. The water-insoluble residue, which contained 
the HCT, was extracted with acetone and processed and 
analysed as above. 

Multi-component dosage forms. An amount of powdered 
sample equivalent to 100 mg of the diuretic to be determined 
was extracted successively with chloroform, water and ace- 
tone. The residue from the acetone extract was treated as 
described for the single-component dosage form. In the case 
of the HFT-propranolol hydrochloride combination, the 
HFT was selectively extracted into ethyl acetate (4 x 10 ml). 
The residue from evaporation of the combined ethyl acetate 
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Table 1. Optical characteristics, precision and accuracy 

Beer’s law Molar 
limits, absorptivity, 

Diuretic Ccglml I.mole-‘.cm-’ RSD, % 
-Correlation 

Slope Intercept coefficient 

AML 5-15 2.54 x IO’ 0.6 0.0084 0.002 0.9999 
AZ I-10 9.77 x 103 0.8 0.0447 -0.006 0.9999 
BZT 2.5-20 9.43 x 103 0.8 0.0220 -0.002 0.9998 
FRU 540 2.64 x 103 0.8 0.0075 0.004 0.9997 
HCT 5-50 2.68 x IO3 0.7 0.0087 0.001 0.9991 
HFT 2.5-25 5.30 x 10’ 0.8 0.0159 0.003 0.9999 
PT 540 6.16 x 103 0.6 0.0140 0.000 0.9999 
TCM l&60 2.66 x 10’ 0.9 0.0071 -0.003 0.9999 

*For regression equation A = a + bc where A is the absorbance for concentration c @g/ml). 

extracts was treated as described for the corresponding 
standard drug solution and analysed by method B. 

RESULTS AND DISCUSSION 

Since the diuretics under investigation have either 
a free (AML) or a substituted (and releasable by 
hydrolytic cleavage thiazides, AZ and FRU) amino- 
group, the suitability of DMPDH for their estimation 
was examined. The applicability of DMPDH in con- 
junction with various oxidants [CAT, Fe(III), IO;, 
Fe(CN)i-, S20i-, Cr,O:-, OCl-] for the deter- 
mination of each of the diuretics was examined and 
the DMPDH-CAT combination was preferred be- 
cause of the sensitivity obtained. The effect of 
DMPDH and CAT concentrations, buffer (pH 1-13, 
if any), temperature, time, and order of addition of 
reagents was examined, to find the conditions giving 

maximum sensitivity, minimum blank, extended obe- 
dience to Beer’s law and good stability. To ascertain 
the optimum conditions for complete hydrolysis, 
each diuretic (except AML) was hydrolysed with 
different concentrations (2-10M) of sodium hydrox- 
ide and times (5-180 min) in a boiling water-bath. 
The optimum conditions were incorporated in the 
procedure. 

The optical characteristics such as Beer’s law 
limits and molar absorptivity are given for each drug 
in Table 1, together with the regression equations for 
the calibration plots. The precision and accuracy 
were found by analysis of six separate samples con- 
taining known amounts of each drug, and the results 
are also summarized in Table 1. The values obtained 
by the proposed and reference methods for pharma- 
ceutical preparations are compared in Table 2, and 
are in good agreement. The results of recovery 

Table 2. Assay of diuretics in pharmaceutical preparations by proposed and 
reference methods 

Amount found, mg 
Nominal Recovery by 
amount, Proposed Reference proposed 

Specified contents,* mg mg method method? method,8 % 

AML 5; HCT 50 5 4.95 4.90 98.5 
AZ 250 250 247.0 247.6 97.5 
FRU 40 40 39.2 39.0 98.0 
FRU 15; RS 0.1 15 14.8 14.8 99.0 
BZT 25; TRI 50 25 24.7 24.6 98.7 
HCT 50 50 50.1 50.2 98.5 
HCT 12.5; MPT 100 12.5 12.2 12.1 98.0 
HCT 50; AML 5 50 49.7 49.5 98.6 
HCT 20; CLD 0.1 20 20.3 20.4 101.0 
HCT 10; DHS 10; RS 0.1 10 9.75 9.80 98.0 
HCT 15; MD 250 15 14.9 15.0 99.3 
HCT 20; PHL 40 20 19.9 20.0 99.0 
HFT 25; SPL 25 25 24.7 24.6 98.0 
HFT 25; PHL 40 25 25.20 25.10 99.0 
HFT 25; PHL 80 25 24.80 24.70 98.6 
PTl 1 0.99 0.98 99.3 
PT 1, RS 0.25 1 1.01 1.03 101.0 
TCM 2$ 2 2.05 2.10 99.0 

*MPT, metoprolol tartrate; CLD, clonidine hydrochloride; RS, reserpine; MD, 
methyl dopa; PHL, propranolol hydrochloride; DHS, dihydrallazine sulphate; 
TRI, triamterene; SPL, spiranolactone. 

TReference methods: BP’* for AML, IP” for HCT and AZ, USPI for other diuretics. 
$Of 5 mg added; each value is an average of three replicates. 
JPrepared in the laboratory, with starch, lactose, magnesium stearate, talc as 

excipients. 
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I R’ R2 R3 R4 1 

FOR tii BHtcT; TCM 
SOaNH2 Cl SO2NHp 

FOR HY. P-f S02Nbi2 Cl SO2 NHCH3 

FOR HY. HFT SO2 NH3 CF3 S02NH2 

FOR HY. FRU S02NH2 Cl coon 

FOR AML 

WY. = HYDROLYSED) 

Fig. 1 

experiments by the proposed method are also listed 
in Table 2. 

Excipients such as lactose, starch, magnesium stea- 
rate and talc were found not to interfere in the 
analysis. Clonidine, hydrochloride, dihydrallazine 
sulphate and methyl dopa, which are co-formulated 
with HCT, also had no effect. The possible inter- 
ference by reserpine, propranolol hydrochloride, spi- 
ranolactone and metoprolol tartrate in combined 
dosage forms was avoided by use of the preferential 
dissolution of the diuretic in a suitable solvent. 

The method suggested has the advantages of being 
simple and sensitive, with reasonable precision and 
accuracy when compared to many of the reported 
methods and may be considered as a general method 
for the spectrophotometric determination of these 
diuretics in various pharmaceutical preparations. 

Mechanism 

The mechanism for fo~ation of the coloured 
species was postulated by analogy.” DMPDH under- 
goes a 2-electron oxidation in the presence of CAT 
to yield the less stable highly reactive p-N,N- 
dimethylbenzoquinonedi-imine. This species reacts 

with amino-~m~unds under the chosen experi- 
mental conditions by electrophilic attack on the most 
nucleophilic site of the substrate (i.e., the position 
paru to the amino group, or the o-position if the 
p-position is blocked). The resulting leuco-dye is 
oxidized to the indo-dye. In the case of AML and the 
a~t~olamide hydroly~te the reaction might pro- 
ceed by expulsion of the el~tron-withdra~ng group- 
ing (-Cl in AML; -SO,H in AZ hydrolysate) in the 
p-position, as in the case of DMPDH and amines.” 
The scheme is given in Fig. 1. 

Comparison of ,I_ and tmpx for the coloured 
species formed (Table 1) shows that there is consid- 
erable variation in tu even though A,, is the same 
(530-540 nm) in all cases except AML (660 nm). One 
of the two hydrolysis products from benxo- 
thiadiazines is substituted 2,4-disulphamoylaniline, 
and the other is either a simple aldehyde (HCHO 
from HCT and HFT, CHCl,C!HO from TCM) or a 
substitute dialkyl sulphide (~~~H~SCH~C~~~ 
from BZT, 0HCCH2SCH2CF3 from PT). The higher 
E,,values of the final coloured species from BZT and 
PT may be due to the formation of another chromo- 
phore, with a similar ,I_, from the substituted 
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dialkyl sulphide, besides the expected oxidative cou- 
pling product of the substituted 2,4-disulphamoyl- 
aniline and DMPDH, and also due to the presence 
or absence of electron-withdrawing or -donating 
groups, with consequent inductive mesomeric or 
steric effects. This is supported by our observation 
that the amino-acid methionine slowly gives a colour 
(A_ 53&540 nm) when treated by the proposed 
method B, but gives the colour reaction immediately 
if subjected to alkaline hydrolysis first. This suggests 
that cleavage at the sulphur atom takes place to yield 
a reactive thiol. In the case of BZT we suggest 
that the hydrolysis can lead to CJl~CH,SH and 
CH,OHCOOH. The higher E,_ value for the thi- 
adiazine derivative (hydrolysate of AZ) suggests the 
influence of the sulphide group in its cyclic structure. 
Finally the need to reverse the order of addition of 
CAT and DMPDH for dete~ination of the two 
types of diuretic [AML, which has two me&z-amino 
groups in the pyraxine moiety, and the others, the 
hydrolysates of which contain one amino-group 
attached to either an aromatic (BZT, HCT, TCM, 
PT, HFT or FRU) or a thiadiaxine (AZ) nucleus] 
suggests that AML reacts more rapidly than the 
others with DMPDH in presence of CAT because it 
contains two amino-groups meta to each other. 
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R&urn&-L’extraction de I’oxyde d’ethyldne est malide par circulation d’eau distillbe en circuit ferme a 
37”. L.e temps de circulation, le volume d’eau circulant et le debut sont prealablement determinks en 
fonction des caracteristiques de l’appareil. L’extrait est dose soit par chromatographie gaz-liquide 
(injection directe avec etalon inteme: oxyde de propylene), soit par spectrophotometrie. Cette demiere 
methode consiste zi rkiiser, avec et sans hydroilyse acide, dam deux prises d’essai d’un meme extrait, 
l’oxydation periodique de l’ethylene gtycol et le dosage par l’acide chromotropique du fo~~d~hyde 
produit. La difference de I’absorbance entre ces 2 p&es d’essai permet de connake la quantite rkelle 
d’oxyde d%thyl&ne presente dans l’extrait. Une bonne correlation des resultats est observee (r = 0,98). Le 
choix entre ces 2 mbthodes simples depend done du nombre d’ixhantillons et de l’dquipement du 
laboratoire. La methode spectrometrique est la plus longue. 

Summary-Ethylene oxide is extracted by circulation with distilled water in a closed circuit at 37”. The 
predation time, volume and flow of the water are previously determined as a function of the apparatus 
characteristics. The extract is analysed either by gas-liquid chromato~phy (direct injection with 
propylene oxide as internal standard) or by spectrophotometry. The latter method consists in the periodate 
oxidation of ethylene glycol in two samples of the same extract, with and without acid hydrolysis, followed 
by determination of formaldehyde with chromotropic acid. The difference between the absorbances of the 
two samples gives the quantity of ethylene oxide in the extract. A reasonable correlation of the two sets 
of results is observed, and the choice between these two simple methods depends on the number of samples 
to be analysed and on the equipment available. The s~trophotomet~c method is the longer of the two. 

G&e a ses puissantes proprittes biocides et sa 
grande diffusibilite dans les materiaux plastiques ou 
les elastomeres, l’oxyde d’ethylene occupe une place 
im~rtante dans la st~~li~tion du materiel medico- 
chirurgical. Cependant, la remanence de msidus de ce 
gaz dans les materiels sterilises est l’un des incon- 
venients majeurs de son utilisation en raison de divers 
effets toxiques.lw9 

Ceci explique la necessite du dosage de l’oxyde 
d’ethylene r&duel; la Pharmacopee Francaise a de- 
termine 21 la fois une methode d’analyse et une limite 
tolerable.” La technique utilisee consiste en une 
extraction du gaz dans le materiel par entrainement 
I la vapeur d’eau. En effet, l’ouverture du cycle 
oxiranne par l’eau pure est lente et il est done possible 
d’op&er un entrainement du produit en l’btat. En 
revanche i’hydrolyse est rapide en milieu acide et 
conduit a I’ethylene glycol. Contrairement a l’oxyde 
d%thylene, ce glycol est rapidement oxydi par l’acide 
periodique en conduisant I la formation de deux 
molecules de formaldehyde. Le dosage spectrophoto- 

metrique de celui-ci est realid apres reaction avec 
I’acide chromotropique. 

De nombreuses autres techniques de dosage 
ont Cte propo&es depuis.““’ La plupart des 
auteu~12~13~‘J-17*f931 ont utilis6 la chromatographie 
gaz-liquide pour doser l’oxyde d’ethylene n%iduel, 
apres extraction par des solvants appropries. La 
technique la plus employee est celle utilisant I’espace 
de t6te. Cependant cette determination pr&sente un 
certain nombre de difficult~s dans le cas de materiels 
de taille et de masse importantes tels que les oxygen- 
ateurs ou les appareils de circulation extracorporelle 
(CEC). Le poids de l’oxygenateur seul depasse deja 
souvent 1 kg et celui du circuit complet (CEC) est de 
l’ordre de 4 a 5 kg. C’est la raison pour laquelle nous 
avons et& amen&s a 6tudier une methode dynamique 
de dosage dans ces types d’appareils.22 

Nous rappelons qu’ils sont destines Q remplacer 
provisoirement les fonctions pulmonaire et cardiaque 
permettant ainsi une exclusion du caeur de plusieurs 
heures pendant une intervention chirurgicale. 



Wn circuit extracorporel complet est constitd par 
le matkiel B usage unique suivant: un oxygtkateur 
B bulles ou it membrane, un kservoir pour le sang, 
un filtre de perfusion, un filtre $ gaz, kventuellement 
un filtre art&-id, des tubuhwes, des connecteurs. 
Tow ces mat&iaux sont constit& de diverses mat- 
itres plastiques (polycarbonate, polypropyl&ne, poly 
ur&hanne, polyester etc . . . ). La circulation du sang 
dans ce sysdme est assur&e par une QU plusieurs 
pompe si galets. 

Extraction 
Mt&riels. Pompe A galets (Travenol). Btuve thermo- 

stat&. Tubulure en silicone (environ 2 m). 
Conditions opkratoires. L’extraction de I’oxyde d’ethylene 

est &ah&e par circulation d’eau distill&e en circuit fermb, ii 
37“. Le temps de circulation, le volume d’eau circulant et ie 
debit ont & pr~~abl~me~t d&em&es en fonction des 
caract6ristiques de l’appareil et correspondent aux don&es 
suivantes: 

-volume d’eau: 
oxygenateur pour adulte 
oxygenateur pour enfant 
ensemble du CBC pour ad&e 

-temperature de l’etuve: 37 + 1” 
--temps de circulation: 1, 3 ou 6 hr 
--&bit d’eau: 3 I./mm 

3000 ml 
1500 ml 
5OtN ml 

Prockdt? 
Cas de I’oxygtkteur. t’appareil rempli d’eau distill&e est 

mis dans une Ctuve a 37”; les tuyaux dent&e et de sortie sont 
relies B nne pompe a galets sit&e B Pext&ieur. 

Gas du circuit extru~or~e~ camplet (CEC). Se& 

i’oxygenateur et une partie des tuyaux de connection sont 
places dans l’etuve; le filtre et le reste des tuyaux de con- 
nection restent P l’exterieur de l’btuve. L’eau distillee est 
versix? dam l’oxygbnateur. Tout le systbme est reliC a une 
pompe P galets. 

La circulation de l’eau dam ies deux cas est r&&she en 
draait fern& total pour eviter toute perte par ~la~l~~tion. 
Apr& 1, 3 ou 6 hr de circulation, une portion aliquote de 
liquide de circulation (20 ml) est prelevee pour le dosage qui 
doit &re malist immediatement. 

Wthode chromatographiqw 
Appareillage. Chromatographe GXRDEL Modble 300 

@ripe d’un detecteur ri ionisation de flamme. Cobnne en 
acier inoxydable de 2 m x l/8 pouce remplie de Carbopack 
C (80-l@O mesh) + 0,8% THEED (titrahydroxy ethyl ethyl- 
ene diamine) (Supelco), La colonne doit Btre conditionnee 
d’abord $ la temperature ambiante pendant une demi-heure 
avec I’azote (20 ml/min), puis chauffee progressivement a 
120° toujours sous azote pendant une nuit. 

Conditions chromazo~r~~i~s. Temperature du four 
80”, tern~mt~ de l’injecteur et du d&ecteur 120”. Whit 
d”azote 20 mlfmin. D&bit ~hydro~ne 25 ml/rnin. D&bit 
d’air 350 ml~min. Volume &injection 5 11. 

RPactfi. Oxyde d’ethylbne pur, Merck (Q.E.). Oxyde de 
propylene pur,. Baker (&I’,). 

PrMvement du zaz twr. Plusieurs methodes ont ttC 
propo~12,13,1S.21.Z3 pou; prelever l’oxyde d’ethylene pur; 
pour notre part, nous utilisons la technique suivante, 
modi8cation de celle de Romano.*’ 

L’o~~tion doit se derouler sous hotte bien vent& a 
l’abri de tome llamme, car I’oxyde d’ethylens est un gaz t&s 
toxique et inflammable, Dans un flacon de 10 ml fermC par 
un bouchon a vis garni dun septum en teAon, introduire a 
travers le septum deux aiguilles, l’une jusqu”au fond du 
flacon, l’autre pr6s du septum. Relier la premiere aiguille au 

manodetendeur de la bouteille d’oxyde d’ethylene par un 
tuyau en t&on et l’autre aiguille de sortie par un autre tuyau 
plot@ dans un b&her d’eau. Ouvrir la bouteille d’oxyde 
dethylene et purger Pair du flacon avec un debit de une bulle 
par seconde environ. Au bout de 12 min, retirer d’abord 
l’aiguille dent&e, puis i~at~ent apr&s l’aiguille de 
sortie. La pression de l’oxyde ~~~yl~~e dans le f&con est 
68nle 1 celle de l’atmosphere. 

Prkparations des salutians Ctalon d’oxyde d”&hylkne. Avec 
une seringue a gaz de precision de 250 hl, mesurer ex- 
actement 103 ~1 (200 n(g) d’oxyde d’ethyldne pur contenu 
dans le tlacon precedent et l’injecter immediatement dans un 
autre Bacon itanche, de m&me type, contenant exactement 
IO ml d’eau distill&e. Par dilution, preparer des solutions a 
2,5, 5 et IO pg d’oxyde d’ethylene par ml d’eau. Les 
solutions aqueuses d’oxyde d’ethyl&ne sont r&parties par 
petites portions de 2 ml dans des petits tubes bouches emeri, 
puis, soit mfrig&es a 4”, soit congel&es a -20”. Les 
solutions refrig&&s doivent &re utili&es dans un delai de 
2 a 3 jours. Les tubes congelcs peuvent &e gardes plus 
longtemps, mais il faut les decongeler ii 4” avant usage. 

~r~~~~r~on de la so&io~ interne. Preparer une solution 
aqueuse doxyde de propylene a 0,2 $/ml en dissolvant 100 
pi d’oxyde de propylene liquide pur dans une fiole jaug6e de 
500 ml d’eau distill&e. La conservation de cette solution est 
identique a la pr&c&dente. 

Dosage. Le dosage est r6alisC par injection de 5 pl du 
melange de 50 pl de solution d&talon interne et de 1 ml de 
solution d’oxyde d’&hyl&e #alon et essai). 

Mthode colorim&rique 
Cette mdthode est inspi& de la m&ode du dosage de 

I’oxvde d’ethvlene de la Pharmaconee Francaise.‘o mais 
n’uGlise pas l’entrainement a la vapeur d’eau et comporte un 
dosage par diBrencc. En effet l’echantillon aqueux B doser 
contient en g&&al une certaine quantid d&byI&ie glycol 
provenant de l’hydrolyse de Poxyde &i?thyl&ne au cows de 
la stirilisation, g&neralement &ah&e en pr&ence de vapeur 
d’Wl. 

Le principe de cette m&ode consiste ri hydrolyser quan- 
titativement l’oxyde d’ethylene en ethylene glycol en milieu 
acide et a chaud. L’oxydation periodique de ce diol conduit 
au forrnaldihyde qui donne avec l’acide chromotropique un 
d&id violet rose qui est do& par spectrophotom&rie B 570 
mn. Pour &i&r l’interference de l’ethylene glycol initiale- 
ment present dans l’echantillon, un dosage sans hydroiyse 
acide d’une autre prise d’essai d’echantillon est realis& 
parallelement. La valeur ainsi trouvte est soustraite de la 
prec$dente. Une courbe d’ttalonnage est r&&e avec des 
solutions dtalons d’ethylene glycol dans les mZmes condi- 
tions op&atoires. 

&fur&i& ~~trophotom~~ Gilford Star III B Iecture 
digitale. 

Rkactijk Soiution &wide sulfurique 0,SM: solution de 
soude 0,SM; solution aqueuse de periodate de sodium 
0,1 M; solution aqueuse de sulfite de sodium P 11%; solution 
d”acide chromotropique (prepar&e- extemporanement en dis- 
solvant 100 mg de chromotropate disodique dans 2 ml d’eau 
distill& puis dans 50 ml d’acide sulfurique pur); solution 
m&e d’&hyl&ne giycol correspondant a I g d’oxyde 
d’&hyl&ne (p&pa&e avec 1,40 g d’ethylene glycol dans 1000 
ml d’eau distill&; solution fille correspondant a 10 ng/ml 
d’oxyde d’ethylene, obtenue par dilution de la solution mere 
au l/l00 avec de l’eau distillte (elle doit %tre renouvelee tous 
les 2 jours). 

Dosage de l’~c~a~t~~fu~. Dans un erlenmeyer de 200 ml 
bouche Pmeri, introduire 5 ml du liquide d’extraction, 70 ml 
d’eau distill&e et 1 ml d’acide ~f~que O,5M. Porter au 
bain marle nendant 1 hr. Neutraliser ensuite avec I ml de 
solution d’hydroxyde de sodium 0,5&f. Transvaser tout le 
liauide dans une tiiole iaugde “E” de 100 ml en rincant 
l’erlenmeyer deux fois iv& environ 5 ml d’eau distill& 
Faire parallelement un temoin avec 5 ml de liquide 
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Fig. 1. Chromatogranune de l’oxyde d’bthylene (1, t, = 0,8 
min) en pr&ence d&talon interne: oxyde de propylene 

(2, t, = 1 min). 

d’extraction et 70 ml d’eau distillee dans une autre fiole “T” 
de 100 ml. Ajouter dans les deux fioles jaugees “E” et “T”, 
2 ml de periodate de sodium 0,lM. Laker en contact 15 
min en agitant frequemment, ajouter ensuite 2 ml de sulfite 
de sodium a 11%. Completer au volume avec de l’eau 
distill&e. 

Dans deux tubes grad& de 10 ml bouches emeri, intro- 
duke respectivement 5 ml des solutions “E” et “T” preck- 
dentes, puis ajouter lentement 5 ml dune solution d’acide 
chromotropique recemment preparke. Melanger et porter les 
tubes au bain marie bouillant pendant 10 min. Refroidir a 
la temperature ambiante et completer avec de l’acide sul- 
furique a 50%. Mesurer l’absorbance A des solutions “E” 
et “T” a 570 nm, dam une cuve de 1 cm en reglant le zero 
du spectrophotombtre avec le blanc reactif. La teneur en 
oxyde d’khylkne de l’bchantillon est obtenue par difference 
des valeurs trouvkes pour les essais “E” et “T”. 

Faire parallblement un etalonnage avec 0, 1, 2, 3, 4, 5 ml 
de solution fille d’ethylene glycol, realid dans les memes 
conditions opkratoires que dans le tkmoin “T”. 

RESULTATS 

La comparaison des methodes chromatograph- 
iques et colorimetrique de dosage de l’oxyde 
d’ethylene a Cte realisee sur: 

-27 oxygenateurs, modele adulte, avec 45 pre- 
lkements correspondants a des temps d’extraction 
differents. 
-18 oxygenateurs, meddle enfant avec 18 pre- 
ltvements apres 3 hr d’extraction. 
-18 circuits extracorporels moddle adulte, avec 34 
prelevements differents. 

Dans le tableau 1, les taux d’oxyde d’tthylene 
residue1 ont it6 exprimts en pg/ml de liquide 
d’extraction et en mg total (ce chiffre represente la 
quantite totale d’oxyde d’tthylene contenue dans la 
totalitt du liquide d’extraction). 

DISCUSSION 

Technique de dosage 

Exactitude. D’apres le tableau ,l (n = 97 analyses), 
ces resultats montrent une bonne correlation (Fig. 2) 
entre les resultats des dosages chromatographique 
(y) et colorimetrique (x) en se fondant sur la droite 
de regression (methode des moindres carres) calcul6e 
suivant 1’Cquation: 

Y =0,98X - 0,17 

Le coefficient de correlation r est de 0,98. 
Reproductibilitk. La deviation standard relative de 

la methode chromatographique pour n = 5 est de 
2,5% pour l’etalon 5 ppm et de 35% pour l’etalon 
10 ppm. Celle de la methode colorimetrique pour 
n =5estde3,l%pourl’etalon30~getde3,8%pour 
I’etalon 50 pg. 

Sensibilitk. La limite de sensibilite de la methode 
chromatographique est de 0,2 ppm, celle de la 
methode colorimetrique est de 0,l ppm. 

Lin&aritC. La reponse chromatographique est linta- 

ire de 0,5 ppm a 10 ppm d’oxyde d’ethylene, et la 
r6ponse colorimttrique de .0,5 pg a 2,5 pg d’oxyde 
d’ethylene. 

Justification des conditions opkratoires 

Mkthode chromatographique. L’usage de la phase 
Carbopack C + 0,8% THEED et de l’etalon inteme 
oxyde de propylene, permet un dosage rapide de 
l’oxyde d’ethylene, car le temps de retention de 
l’oxyde d’ethyldne est de 0,8 min et celui de l’oxyde 
de propylene est de 1 min. En plus, cette phase permet 
une bonne separation de ces deux pits et un dosage 

Tableau 1. Comparaison des teneurs moyennes en oxyde d’tthyldne trouvbs par colorimetrie et par 
chromatographie 

Teneur moyenne en oxyde d’ethylene 
obtenue par 

Nature du 
materiel 

Nombre de 
materiels 
essayes 

Colorimetrie Chromatographie 
Nombre de - 

prelevements W/ml mg (total) pg/ml mg (total) 

Oxygtnateur 
modble adulte 25 45 1,48 4,41 I,38 4,15 

Oxygenateur 
modele enfant 

C.E.C. modele, adulte 
18 18 3,24 4,86 3,15 4,lO 
18 34 4,22 14,20 4,16 14,OO 
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x mg d’0.E. colorimktrie 

Fig. 2. Droite de corrklation entre les rhltats obtenus par 
colorimhtrie et par CGL (y = 0,98x - 0,17; r = 0,98). 

simultant de l’ethylene glycol et du chloro-2 ethanol 
en Clevant la temperature du four a 100°.24~25 Ce- 
pendant, il est important d’eviter tout contact de cette 
phase stationnaire avec l’oxygene de l’air et toute 
Cfevation de temperature d&passant 120” pour garder 
longtemps l’efficacite de la colonne. Cette m&ode 
par injection dire@ est une technique tres simple, 
rapide et sensible, car elle ne demande aucune extrac- 
tion prealable. De plus, l’emploi de l’eau distill&e 
comme solvant &extraction permet d’eviter tout pit 
de solvant &ant. 

M&/rode c~Ior~tri~. Elle est de &alisation 
simple mais relativement longue. Elle Bvite les inter- 
ferences dues ri l’ethylene glycol ou au gly&rol 
present bventuellement dans les materiels. Pour 
verifier l’absence des substances susceptibles 
d’interferer dans ce dosage, un essai direct de 
~~hantillon a doser avec l’acide chromotropique a 
etk reali& suivant une technique d&j4 pub& par l’un 
de nous.‘* Cet essai n’a montrb aucune interference. 
Pour verifier la tres faible transformation en ethylene 
glycol I 37” dans une solution aqueuse en fonction du 
temps, un temoin a 5 ppm d’oxyde d’ethylene dans 
l’eau a &te dose par chromatographie en fonction du 
temps. 

Le tableau 2 montre que l’hydrolyse de l’oxyde 
d’ethyldne dans l’eau distillee I 37” est pratiquement 
negligeable jusqu’a 6 hr. 

Pour obtenir une bonne lintaritb de la courbe 
d’btalonnage et une bonne reproductibilite des r& 
sultats de la methode ~olo~m~trique, ii est important 
d’op&er awe de l’eau distillee (et non de l’eau 
demineralisee par des &sines tchangeuses d’ions) et 
des reactifs de haute pure& de respecter rig- 
oureusement les conditions op&atoires et d’utiliser 
un spectrophotometre 1 lecture digitale de precision. 

La m&hode colo~m~t~que permet Cgalement de 
controler la teneur en oxyde d’ethylene dans les 
&talons aqueux pour la mkthode chromatographique. 
Le coefficient de variation entre la valeur thdorique 
de 10 ppm et celles obtenues par colorimetrie est de 
1 A 5%. 

Techniques d’extraction 

En ce qui concerne la technique d’extraction, nous 
proposons we mdthode dynamique pour des raisons 
suivantes. 

-La m&ode dyna~que simule dune man&e 
assez proche les conditions op&ratoires dune circu- 
lation sanguine extracorporelle. Le.5 parametres tem- 
perature (3S--37”), debit (3 l./min), volume d’eau (3 1. 
pour l’oxyg&nateur adulte, 5 1. pour le circuit extra- 
corporel) et duree (3 et 6 hr), correspondent ii des 
conditions f~que~ent rencont&s dans une circu- 
lation extracorporelle. La dur&e de 6 hr que nous 
proposons laisse une marge de s&rite, car une 
intervention chirurgicale depasse rarement 3 hr. En 
realite entre 3 et 6 hr, la liberation de l’oxyde 
d’ithylene dans l’extrait devient plus lente; elle est 
plus importante entre 1 et 3 hr. En choisissant ces 
parametres, now pensons nous approcher le plus 
possible des conditions reelles de la circulation 
extracorporelle. 

-Les m&ho”des classiques ou “statiques” telles 
que la methode de la Pharmacopee Franqaise, la 
methode chromatographique gaz-liquide (CGL) avec 
platine de d&sorptiorQ6 ou les methodes d’extraction 
par espace de tbte suivies d’une CGL ne sont applica- 
bles que pour les materiels de petit volume et de 
nature assez homogene. Elles ne sont pas realisables 
dans le cas des materiels encombrants, de poids 
depassant 1 kg et surtout constitu& par des mat&i- 
aux t&s divers. Ces methodes classiques permettent 
d’extraire tout l’oxyde d’bthyiene contenu dans 
l’&chantillon, mgme si une partie du materiel n’est ni 
en contact avec le sang, ni aver les t&us. 

Pour des materiels de petite taille dont les parois 
sont minces ii est en effet utile de determiner la teneur 
totale correspondant au risque potentiel de con- 
taminant. I1 n’en est plus de meme pour les mat&iels 
6tudiCs dans ce memoire, pour lesquels la partie la 
plus importante en masse correspond a des parois 
epaisses, dont la surface d&change avec le sang 
(ou le liquide d’extraction) est t&s nettement inferi- 
eure a celle de la mousse de polyur&hane, qui ne 
repmsente pourtant qu’un dixieme de la masse totale. 

Par ailleurs, la liberation de l’oxyde d’Cthyl5ne 
depend largement de la temperature et de la duree de 
l’extraction. Klei# a montri: que des raccords en 
polycarbonate places en milieu aqueux A 37” pendant 
6, 24 et 48 hr 1iWrent moins d’oxyde d’Bthyl&ne que 
ceux maintenus a 60” pendant le m&me temps. Par 
chauffage a Cbullition, ou par ddsorption avec le 

Tableau 2. Hydrolyse de l’oxyde d’tthylbne en 
fonction du temps en solution aqueuse 

Temps, Oxyde d’6thyl&ne, Ethyl&e glycol, 
hr % % 

0 IO0 0 

1 9993 0,7 
3 98,8 192 
6 98,5 1,s 

24 96 J40 
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Summary-Adsorptive stripping voltammetry is used for the determination of trace levels of nifedipine. 
The conditions for preconcentration on the mercury drop electrode have been studied and the tinal 
measurements are made by differential pulse voltammetry. The response is linear from 2 x 1O-g to 
1 x W’M and can be extended to 10e6M by a change in conditions. The stripping peak has been used 
for determination of the drug in formulations, with a relative standard deviation of 0.8%. The method 
is applicable to the dete~ination of nif~ipine in blood-serum with a detection limit of 4.1 ng/ml. 

Nifedipine [dimethyl 1,4-dihydro-2,6-dimethyl-4- 
(2-nitrophenyl)-3,5-pyridinedicarboxylate] is a cal- 
cium antagonist used in the prophylaxis of angina 
pectoris, the treatment of arterial hypertension, and 
especially of coronary artery disease. As it is very 
active, its therapeutic and toxic effects require very 
sensitive methods for determination of trace levels. 

Various analytical methods have been employed 
for this purpose: gas chromatography with a nitrogen 
detector [detection limit (d.1.) OS ngfml in plasma]’ or 
with flame thermionic detection (d-1. 10 ng/ml in 
plasma);2 HPLC with spectrophotometric detection 
(d.1. 10 ng/ml in serum)3 or with electrochemical 
detection (d.1. 1 ng/ml in plasma).’ 

Adsorptive stripping voltammetry has been shown to 
be a sensitive analytical method for a wide range of 
pha~a~uti~ compounds that can be adsorbed on 

the electrode surfaCe,‘-’ and its aPPhCati0ns have 

In this study low concentrations of nifedipine are 
determined by adsorptive stopping voltammetry. The 
analyte is preconeentrated by adsorption on the 
surface of the electrode and the surface-active species 
is then determined bv a voltammetric scan method. 

Reagents 
Stock solutions (1 x 10y3M) of nifedipine (Sigma) were 

prepared daily by di~olution in de~ne~i~ water. The 
supporting electrolyte was Button-Robi~n buffer at an 
ionic strength of 0.25M maC104, pH 4.4). Human serum 
samples from five subjects were pooled. 

Procedures 
Aakorptive stripping vokammetry. The supporting electro- 

lyte solution (20 ml) was added to the ceil and deaerated by 
passage of nitrogen for 10 min. The partition 
potential (usually -0.20 V us. SCE) was applied to the 
electrode for a given time. period, while the solution was 
stirred at 1500 rpm. After a 15set rest period, a negative- 
going scan was initiated, the resulting voltamperograms 
being recorded for different combinations of operational 
parameters. 

(1: 5 v/v). The nifedipine was eluted with 2 ml of acetone. 
The effluent was evaporated to dryness under a stream of 
nitrogen. The residue was dissolved in 20 pl of acetone and 
diluted to 20 ml with Button-Robi~n buffer @H 4.4). The 
voltamperograms were recorded under the optimum instru- 

~~~~~ne assay in serum. A Waters Sep-Pak C,s extrac- 
tion cartridge was wetted with 4 ml of methanol and 6 mi 
of water. For the nifedipine extraction, 1 ml of human 
serum was then passed through the cartridge, the drug being 
adsorbed on the Sep-Pak matrix. The matrix was rinsed with 
5 ml of Britton-Robinson buffer and 4 ml of acetonc-water 

recently been reviewed by Wang? mental conditions. 

As the present study shows, submicromolar levels 
of nifedipine can be measured by this technique. As Nifedipine assay in formulations. The nifedipine content of 

specific aPPfications, the drug has been determined in 
a commercial capsule is transferred quantitatively into a 
loo-ml standard flask and diluted to vol~e with acetone, 

human serum and in formations. A 20 pl aliquot of this solution is diluted to 20 ml with 
B&ton-Robinson buffer and transferred into the polaro- 

EXPERIMENTAL 
graphic cell. The voltamperograms are recorded under the 
optimum instrumental conditions. 

A Metrohm Polarecord coupled with a Metrohm 663 VA 
Stand was used. A multimode mercury drop electrode RESULTS AND DISCUSSION 

(Metrohm MME) which has a hanging mercury drop The study by cyclic voIt~et~ confirms that 
electrode (HMDE) served as the working electrode. The 
three-electrode system was completed by an SCE reference 

nifedipine is spon~neously accumulated on the 

electrode and a platinum auxiliary electrode. A Metrohm 
hanging mercury drop electrode, from the stirred 

VA 612 scanner and a fast X-Y recorder, Linseis LY 1800, solution, in 60 sec. Figure la shows the cyclic 
were used to obtain the cvclic voltamneronrams. All voltamperogram of a 1 x 10e6M solution of nif- 
measurements were made at room temperature: edipine at pH 4.4. A large well defined cathodic peak 

Ml 
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Fig. 1. (a) Repetitive cyclic voltamperograms for 10w6A4 
nifedipine in B&ton-Robinson buffer f&H 4.4), after stir- 
ring for 60 set at -0.2 V. (b) An analogous volt- 
amperogram without accumulation. Scan-rate 30 mV/sec. 

can be seen at -0.52 V, which in successive scans is 
markedly diminished, indicating rapid desorption 
from the electrode surface. Voltamperogram b in 
Fig. 1 shows the same pattern, but without use of a 
previous accumulation; the peak is much smaller than 
that obtained after accumulation. The largest wave is 
due to reduction of the nitro group to a hydroxyl- 
amine group and is electrochemically irreversible. 
This reduction process involves four electrons9 

Confirmation that we are dealing with an ad- 
sorption process on the electrode surface can be 
obtained by plotting log i,, vs. log (scan-rate). A slope 
of 1.0 would indicate adsorption. Figure 2 shows that 
a straight line with slope 0.8384 and correlation 
coefficient 0.9998 is obtained. Figure 2 also shows 
that the peak potential shifts when the scan-rate is 
increased. 

7.5 
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Fig. 2. Dependence of the logarithm of the peak current (a) 
and peak potential (A) on the logarithm of the potential 

scan-rate. Nifedipine concentration: 10-6M. 
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Fig. 3. Effect of preconcentration time on the stripping 
voltamperogram; 0, 10A6M; A lo-‘M; 0, lo-‘A4 ni- 
fedipine. Scan-rate 8.3 mV/sec. Britton-Robinson buffer 

(PH 4.4) 0.25M in NaClO,. 

The spontaneous adsorption of nifedipine can be 
used for its voltammetric determination. In Fig. 3 the 
variation of peak current with preconcentration time 
is shown for 10e6, 1O-7 and IO-*M nifedipine solu- 
tions. There is a linear relation up to 120 set (slope 
0.015 nA/sec) for lo-*M nifedipine, 105 set (slope 
0.113 nA/sec) for 10e7M and 60 set (slope 1.064 
nA/sec) for 10m6M. Thus the choice of optimum 
accumulation time depends on the range of concen- 
tration studied. 

The influence of the accumulation potential on the 
peak stripping current is shown in Fig. 4. The current 
is maximal for stripping at -0.20 V. 

The pH also affects the stripping current. Figure 5 
shows that the optimum value is pH 4.4 
(Britton-Robinson buffer) at an ionic strength of 
0.25M (NaClO,). The peak potential is displaced 
from -0.26 to -0.68 V with the rise in pH. 

Various instrumental parameters directly affect the 
voltammetric response, and above all the shape and 
resolution, of the waves. Thus the peak current is 
linearly related to the pulse amplitude, between 20 

5 

4 

23 

.Z 
2 

1 
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Fig. 4. Influence of accumulation potential on the peak 
stripping current. Nifedipine concentration 5 x lo-‘M. 

Other conditions as for Fig. 3. 
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Fig. 5. Influence of pH on the valtamperogram peak current. B&ton-Robinson buffer, 0.25X4 in NaClO,, 
Nifdipine concentration 5 x I@!&. pH: a 1.48; b, 2.10; c, 3.05; d, 4.44, e, 5.60, f” 7.83; g, 9.70. 

and 100 mv. A value OF70 mv was chosen as optimal 
for this variabIe, however, since there is a loss of 
resolution at higher values, as a result of excessive 
peak-broadening. 

The peak current varies linezzly with the area. of 
the drop, between 0.25 and 0.52 mm2; the fatter value 
was chosen as the optimum. Increase in stirring speed 
during the accumulation has hardly any influence on 
the peak currant. Tests were made at 500-3000 rpmt 
and 1500 rpm was chosen as giving the best results. 

The detestation is done on the basis of the linear 
dependen= of the peak current on the @f&dip&e 
~n~~~o~. The calibration graph was linear from 
Z x f0-+ to 10’7M njf~pine, for 120 set precon- 
centration, but the range can be extended to IO-“M 
by use of preconcentration for 60 sec. The detection 
limit under the aptimum instrumental conditions was 
estimated as 4 x IO-J8M. 

The ~prod~~b~~ity of the method was determined 
by successive me~urements on ten lO-8M ~f~~pi~e 
sofutions. The average peak current was I.59 nA 
(range 1.45-1.77 nA) and the relative standard devi- 
ation (rsd) was 5.4%. Relative standard deviations of 
1.9 and 0.9% were obtained for IO-’ and 10W6 M 
nifedipine, with p~~n~ntrat~on times of 90 and 60 
set, respectively. 

The presence of other surface-active compounds 
which might affect the response was investigated, 
particularly those which might be present in biologi- 
cal samples, The elects of chloride, al#umin and 
gelatin were studied with a 5 x lo-‘&f nifedipine 
solution. The addition of 2 ppm of albumin and 2 
ppm of gelatin gives rise to a nifedipine peak depres- 
sion of 47.1 and 56.6% respectively. The peak disap- 
pears completely in presence af 7 ppm of gelatin@ and 
8 ppm of albumin. The addition of up to 450 ppm af 
chloride has no e&ct on the adsorption of~fedi~~~e~ 

This determination is practicable by the proposed 
method and the standard additions method. The 
detection limit has been estimated as 4.1 n&ml 

according to fZku.&xtt and Boddy,‘@ with a mean 
recovery of 83% from spiked serum sampfes. This is 
much better than the 43% recovery reported for an 
extraction system,” and a correction can be applied 
for the loss, 

For some types of serum it is ~~~ to change 
the p~u~nt~tion conditions in order to avoid the 
interferences previously menticmed. Good results 
have been obtained for cases in which there is near- 
disappearance of the wave under standard ccsndi- 
tions, by changing the electro-deposition poter~tial 
to -0.0 V, and/or reducing t&e ~~~~~a~on time ta 
15 sec. 

Appl~c~~~o~ to mrafysis of f~r~~i~~~o~ 

A capsule; containing 10 mg of nifedipine was taken 
and treated as described. The standard addition 
method was used, with a p~~~~tra~~ time of 50 
sec. The concentration found for the test solution was 
2.92 x IO-&f+ which corresponded to IO.1 mg of 
nifedipine in the original capsule. Analysis of five 
different capsules gave a mean content of lo,1 mg, 
with a relative standard deviation of 0.8%, which 
indicates that the precision is adequate for quality 
control. 

It can be concluded that the de~~na~~n of 
nifedipine in human serum and formulations is prac- 
ticable by adsorptive stripping voltammetry at the 
hanging mercury drop electrode. To avoid some 
interferences in serum analysis a sold-~q~d extrac- 
tion method with Sep-Pak Cl8 cartridges is necessary. 
To avoid certain other interferences a slight change 
in the analysis conditions is necessary. 
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Summary-A new chemiluminescence system is described for selective determination of sulphide by a 
flow-injection method. The weak light emitted from the reaction between 7,7,8,8-tetracyanoquino- 
dimethane and sulphide is efficiently sensitized by Rhodamine B in alkaline solution containing 
dioctadecyldimethylammonium chloride bilayer membrane aggregates and acetonitrile. The limit of 
determination is 0.05 ng (injection of 30 ~1 of 5 x lo-*M sulphide), the linear range is two orders of 
magnitude, the sampling rate is 24O/hr, and the relative standard deviation is 3.0% for 0.3 ng of sulphide. 
Manganese(H), the strongest enhancing species after sulphide ion, provides a signal 1.1% of that for 
sulphide ion. Manganese(H), iron(H), and species forming precipitates with sulphide ion interfere, but 
other sulphur anions such as sulphite, sulphate, thiosulphate, and thiocyanate do not. 

Determination of sulphide is very important in many 
connections. Sulphide has a wide variety of effects 
even at low concentrations,’ including the corrosion 
of metal surfaces, degradation of concrete when 
oxidized to sulphate, and high toxicity (as hydrogen 
sulphide). 

Various methods are available for its deter- 
mination.* The gravimetric and iodometric methods 
are still widely used, but interference by other anionic 
sulphur species is often a problem. The o- 
hydroxymercuribenzoic acid method has the special 
advantage that sulphite and thiosulphate do not 
interfere, but a non-interfering indicator has to be 
used. The spectrophotometric method recommended 
as standard for trace amounts of sulphide requires 
strict control of conditions for reproducible results to 
be obtained. Molecular emission cavity analysis is 
also an excellent method, but its application is limited 
by the need for a special instrument. 

In recent years, chemiluminescence (CL) methods 
have become increasingly important for analytical 
purposes, and use of the flow-injection technique 
makes CL methods more attractive.3 Luminescent 
oxidative reactions with hypobromite4 and hydrogen 
peroxide’ have been reported for the determination of 
sulphide; the methods are very sensitive (detection 
limits 10-g-lO-BM), but subject to interference from 
other sulphur anions. However, the utilization of 
organized surfactant assemblies as a CL reaction 
medium is currently of interest for improving 
analytical CL characteristic&’ and developing new 

*To whom correspondence should be addressed. 

CL reaction systems. ICI4 Its advantages stem from 
the possibility of enhancing the CL quantum 
efficiency or energy-transfer efficiency, of using of CL 
reagents and sensitizers that are insoluble in water, 
and of improving selectivity. 

The aim of this work was to develop a new CL 
system for selective determination of sulphide by the 
flow-injection technique, free from interference by 
other sulphur anions. The results strongly suggest 
that the choice of reaction medium is critical for 
increasing the CL quantum efficiency. The present 
method is based on the measurement of CL arising 
from the reaction of 7,7,8,8-tetracyanoquinodi- 
methane (TCNQ) with sulphide, the CL system being 
reinforced by use of organized surfactant assemblies 
and a sensitizer, in order to increase the light 
emission. 

EXPERIMENTAL 

Apparatus 
A schematic diagram of the flow system is shown in 

Fig. 1. Reagent solutions (R, and Rr) are supplied by a 
dual-channel peristaltic pump (p) through two flow-lines; R, 
is the TCNG solution, with a sensi&er and/or organic 
solvent added as required, and Rr is an alkali or alkaline 
surfactant solution. A heating bath, in which the l-m coils 
(M) are immersed, is placed as needed before a confluence 
of the two streams. Sample solution is injected by a 3O-~1 
loop valve injector (S) that is placed as close as possible to 
the detection flow cell (D) to prevent loss of the emitted 
light, because the CL reaction used is fairly fast. Teflon 
tubing (l-mm i.d.) is used for the flow lines, except the pump 
tubes and detection flow-cell. The light emitted is detected 
by a photomultiplier tube (R453, Hamamatsu Photonics), 
placed opposite the spiral flow-cell made of a thin poly- 
(vinyl chloride) tube as described by Nakahara et aLIS The 
peak height of the CL signal was mostly measured. 
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Fig. 1. Schematic diagram of the recommended flow system. 
R,: 1 x 10m4M TCNQ/S x 10m4M Rhodamine B/40% 
CH,CN; R,: 1 x 10m3M DOAC/l x 10-‘&f NaOH; P: 
pumped at 7.5 ml/min; M: l-m coil in a heating bath at 57”; 

S: 3091 injections; D: spiral flow-cell, 

Reagents 
All chemicals were of analytical-reagent grade and used 

as received. Distilled and demineralized water was used 
throughout. Surfactant solutions were prepared by dis- 
solving an appropriate amount of surfactant (a little more 
than needed to give the critical micelle concentration) 
by ultrasonic treatment. TCNQ surfactant and TCNQ 
acetonitrile solutions were prepared freshly. Standard sul- 
phide solution was prepared from sodium sulphide and 
standardized by iodometry as needed. 

RESULTS AND DISCUSSION 

Reaction medium 

The light emission comes basically from the reac- 
tion between TCNQ and sulphide in alkaline solu- 
tion. However, its intensity is too weak for practical 
use. In such a case, modification of the reaction 
medium may be an effective means of enhancing the 
light emission. It is known that CL reactions can 
often be greatly accelerated in solutions containing 
organized surfactant assemblies6’4 and/or an organic 
solvent.‘0*16 In fact, several CL systems have been 
developed with the aid of such reaction media.‘&r4 
Thus surfactants and/or organic solvents were 
examined for use with the present CL system. First, 
the effect of cationic surfactant assemblies was ex- 
plored by dissolving TCNQ in didodecyldimethyl- 
ammonium bromide (DDAB) (i.e., 1 x 10e4M 
TCNQ/l x lo-‘M DDAB was used as R, and 
1 x lo-*M sodium hydroxide as R,). DDAB, one of 
the dialkyl type of surfactants, forms bilayer mem- 
brane assemblies (lamellae or vesicles)” in aqueous 
solution that are more organized and rigid aggregates 
than the micelles which monoalkyl type surfactants 
form. In a previous work, DDAB vesicular solution 
had been found to be an excellent reaction medium 
in another TCNQ CL system, for Mn(I1) deter- 
mination.12 In the present work, however, only 
a low signal was obtained for the injection of 
3 x 10e3M sulphide; no signal was observed 
when other cationic surfactant assemblies, such as 
dodecyltrimethylammonium bromide (DTAB), hexa- 
decyltrimethylammonium chloride (HTAC), octa- 
decyltrimethylammonium chloride (OTAC) and 
dioctadecyldimethylammonium chloride (DOAC) 
were used. Although DDAB did not produce a 

prominent effect, its use was not abandoned, because 
it was expected to function favourably in an energy- 
transfer reaction when a fluorescent compound was 
added as a sensitizer.‘f’3 

Next, the participation of organic solvents in the 
CL system was investigated. TCNQ (1 x 10m4M) 
dissolved in the organic solvent (for reasons of ease 
of dissolution) was used as R, and the DDAB 
(1 x lo-‘M) was dissolved in 1 x IO-‘M sodium 
hydroxide to provide R,. With 20% methanol or 
ethanol media, the signal for 3 x lo-‘M sulphide 
remained low, but a 30-fold increase in signal was 
obtained with 20% acetone or acetonitrile media. In 
the absence of DDAB, the enhancement effects of 
both solvents were reduced by 75%. For subsequent 
experiments, acetonitrile was chosen as the organic 
solvent because it caused less damage to the flow-cell 
material (PVC). It was found that 40% acetonitrile 
was best, enhancing the signal about 40-fold. 

Reaction temperature 

Raising the reaction temperature may also enhance 
the light emission. As shown in Fig. 1, a heating bath 
was arranged for warming the two reagent solutions 
(to which Rhodamine B had not yet been added). The 
effect of reaction temperature on the signal is shown 
in Fig. 2, which also shows the effect of another 
vesicle-forming surfactant, DQAC. There is a maxi- 
mum in each curve, and DQAC provides a much 
higher signal than DDAB at temperatures above 40”. 
This temperature effect is due to the properties of the 
surfactant assemblies formed, and is probably related 
to the phase-transition temperature (< 10” for 
DDAB and 45” for DQAC). Bilayer membrane- 
forming surfactants such as DDAB and DOAC 
usually display the phase transition from gel to 
liquid-crystal at a certain temperature, at which their 
structures and hence photochemical and physico- 
chemical properties dramatically change.“’ Below the 
phase-transition temperature the surfactant mole- 
cules in the bilayers are in highly organized states; 
accordingly, TCNQ dissolved in the hydrophobic 
region of the bilayers cannot diffuse readily to react 
with the sulphide, which is concentrated in the vicin- 

20 40 60 

Heating bath tW,,Q., ‘C 

Fig. 2. Effect of reaction temperature on the CL signal 
for sulphide. R,: I x 10e4M TCNQ/40% CH,CN; Rz: 
1 x 10-3M DDAB (DOAC)/l x 10m2M NaOH; [S2-1: 

3 x lo-‘M; flow-rate: 6ml/min. 
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Table 1. Effect of surfactants on the CL signal for snlphide 
ion* 

Relative 
CL signal 

Concn., Room 
Surfactant M (cmct, W temp. 57” 

‘XDTAB) 2 x 10-2 (1.5 x lo-*) ND$ ND 
2C,,(DDAB) 1 x 10_)(0.2 x 10-q 
C,,(HTAC) 1 x lo--‘(0.9 x lo-“) :D I& 
C,,(DTAC) 5 x 10_4(3 x 10-4) 1 5 
2C,,OAC) 1 x lo-’ ND 60 

*Other conditions as for Fig. 2. 
jCritica1 micelle concentration. 
$Not detected. 

ity of the positively charged head-groups of the 
surfactants because of its negative charge. the 
phase-transition temperature the surfactant mole- 
cules are in mobile liquid-like this enables 
TCNQ into the bilayers. 

DDAB at the higher tem- 

thus a decrease 
their catalytic effect. However, cause may be 
complicated, because acetonitrile also present 

other surfactants mentioned above 
tested at elevated temperatures, but of 

surpassed DDAB DOAC regard to 
signal enhancement (Table DOAC was selected 

Concentrations of TCNQ, DOAC and alkali 

The signal reached a maximum with use of 10w4M 
TCNQ. The higher the DOAC concentration, the 
higher the signal. A DOAC concentration of lo-‘M 
was near the limit of solubility. A sodium hydroxide 
concentration of lo-‘M provided the highest signal 
with lo-‘M DOAC. 

Selection of sensitizer 

Under the conditions determined above, the limit 
of determination of sulphide was lo-‘M, which was 
too high for practical use in trace analysis. We have 
made it clear in other CL systems that energy transfer 
to a fluorescent compound added as a sensitizer 
occurs efficiently in organized reaction media, es- 
pecially in the presence of bilayer membrane assem- 

10-S 1 o-4 1 o-3 
[Rhodamine Bl, M 

10-z 

Fig. 3. Effect of Rhodamine B concentration on the 
signal for sulphide. [S*-11 x 10m6M. Other conditions as for 

Fig. 2 (DOAC system). 

blies, and results in an extreme enhancement of light 
emission.‘2~‘3 Thus for further increase in sensitivity, 
the use of a sensitizer was examined. Among 12 
sensitizers tested, Rhodamine B gave the highest 
sensitization factor, of N 100 (Table 2). In this case, 
no signal was observed in the absence of TCNQ. This 
means that the Rhodamine B acts only as a sensitizer. 
When DOAC was omitted from the system, the 
sensitized signal was reduced to about 0.9% of that 
in its presence, demonstrating that as expected, the 
energy transfer to Rhodamine B was tremendously 
increased by the presence of bilayer membrane as- 
semblies. The effect of Rhodamine B concentration 
on the signal is shown in Fig. 3. Rhodamine B 
solution is deep red, and self-absorption may de- 
crease the intensity of light emission if too concen- 
trated a solution is used. Accordingly, a Rhodamine 
B concentration of 5 x 10e4M was used for sub- 
sequent experiments. 

Our reasons for postulating the sensitization as due 
to energy transfer to the Rhodamine B are that CL 
still occurs (but less strongly) in the absence of 
Rhodamine B but not at all in the absence of TCNQ, 
and that some non-xanthene dyes also enhance the 
CL. 

Flow-rates of the reagent streams 

The highest signal for sulphide was obtained when 
the flow-rates of the reagent streams were both 7.5 

Table 2. Effect of sensitizers on the CL signal for sulpbide* 

Relative Relative 
Sensitixert CL signal Sensitixert CL signal 

None 1 Erythrosin B 5 
Rhodamine B 102 Eosin B 5 
Methylene Blue 17 Uranine 4 
Eosin Y 10 Acridine Red 3 
Riboflavin I Brilliant Sulphoflavine 2 
Pyronine B 6 

*Other conditions as for Fig. 1, except [S*-] is 2 x lo-‘M and flow-rate is 
6 ml/min. 

t10-4M. 
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Table 3. Effect of concomitant species (at 10e4M level) on 
the CL signal for sulphide ion* 

Species 

Mn(II) 
Fe(H) 
Fe(II1) 
Ni(I1) 
Sn(IV) 
&(I) 

Relative 
CL signal? 

560 
500 
180 
120 
89 
78 

Species 

cogr) 
A&III) 
Pb(I1) 
Zn(I1) 
Cd(H) 
Cu(I1) 

Relative 
CL signal? 

78 
72 
22 
22 
17 
17 

*Conditions as for Fig. 1. 
~No~~~ with respect to the signal (= 100) for 1 x 

10-6M sr-. 
Other species examined in selectivity study did not interfere. 

ml/mm. At lower flow-rates some of the light emitted 
would not be detected because the CL reaction 
proceeds too quickly; on the other hand, at higher 
flow-rates the reaction cannot reach completion in- 
side the flow-cell, which again leads to lower in- 
tensity. 

Calibration graph 

Under the conditions specitied in Fig. 1, a log-log 
plot of peak area against sulphide concentration was 
a straight line with a slope of unity between 5 x 10m6 
and 5 x IO-sM (the determination limit). The de- 
tection limit (S/N = 3) was 0.01 ng/ml(30 ~1 injection 
of 1 x lo-*M solution). When the concentration is 
higher than 5 x IO-“M, the curve deviates from a 
straight line. This is a common phenomenon with CL 
signals and is due to light-absorption by the coloured 
solution. The sampling rate was 24O/hr. The relative 
standard deviation was 3.0% for 3 x lo-‘M sulphide 
(n = 19). 

~elec~~u~fy and ~terference 

For evaluation of the selectivity, solutions of vari- 
ous species (1 x 10e4M) were injected and the signals 
obtained were compared with that for sulphide ion 
(1 x 10e6M). The system is fairly selective. Only 
manganese(H) and iron(I1) gave signals, and these 
were only 1.1 and 0.2% respectively, of that for the 
sulphide. This is as expected, because rnanganese(I1) 
can be determined sensitively by means of another 
TCNQ CL system (TCNQ/OH-/DDAB/eosin Y), 
where iron and sulphide provide signals that are 
6 and O.Ol%, respectively, of that for the man- 
ganese(II).‘2 The fundamental difference in the two 
systems is that in the present system acetonitrile is 
present, although its role is not clear. No signal was 
observed for other sulphur anions such as sulphide, 
sulphate, thiosulphate and thiocyanate, that often 
cause interference in sulphide determinations. In ad- 
dition, the following species were found not to cause 

emission themselves: Fe(M), Ni(II), Zn(II), Pb(II), 
Cd(II), A13+, Cu(II), Ag(I), Co(II), Sn(IV), MgZ+, 
Ca*+, NH:, F-, Cl-, Br-, I-, NO,, NO,, CO:-, 
H,POy , C,Oi-, and CH,CQQ-. 

To check the effect of concomitant species on the 
signal for suiphide, a 10e6M sulphide solution con- 
taining one of the other species was injected. The 
results are shown in Table 3. In general, species giving 
signals per se show positive interference and species 
forming precipitates with sulphide show negative 
interference. When the concentration of the concom- 
itant species was reduced to 10-sA4, onfy man- 
ganese(I1) and iron(I1) still interfered, and then only 
slightly (N 20% increase in signal). No interference 
was observed from other sulphur-containing 
species. This is a special advantage for sulphide 
determination. 

determination ~~~iphide ion in got-spring water 

Hot-spring water was taken from Takayu hot 
spring (Fukushima prefecture). The sample solution 
was diluted lOOO-fold with distilled water and this 
solution was injected. By the standard-addition 
method, the con~nt~tion of sulphide was found 
to be 51, 49, 51 mg/l., in agreement with the results 
(48, 50, 48 mg/l.) found by iodometry. 
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MEMBRANE ELECTRODE WITH A PSEUDOLIQUID 
POTENTIAL-DETERMINING PHASE FOR CLOXACILLIN 

DETERMINATION 
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(Received 10 February 1988. Revised 2 May 1988. Accepted I November 1988) 

Summary-An ion-selective electrode with a pseudoliquid potential-determining phase for cloxacillin 
determination has been prepared. The basic electrode analytical parameters (measuring range, slope, 
detection limit, response time, lifetime, and selectivity coefficients in relation to penicillins and some 
inorganic ions) have been determined. 

Determination of penicillin compounds proves to be 
very difficult because of their complex structure and 
the imprecisely stated chemical composition of med- 
ical preparation (e.g., Penicillium Crystalisatum). 

Penicillins have been determined by iodometric,‘-3 
spectrophotometric4-6 and polarographic’ methods. 
Recently, indirect potentiometric methods with ion- 
selective electrodes”” have been developed. 

Penicillins that can be decomposed by enzymes 
have been determined by using enzymatic electrodes 
with penicillinase immobilized in polyacrylamide gel 
on the surface of a glass electrode.‘“” 

Better results are usually achieved with direct 
methods, but electrodes selective for penicillin have 
not yet been described. 

The ability of quaternary ammonium salts to form 
ion-association complexes with cloxacillin anions has 
been used to prepare electrodes selective for cloxacillin 
(6-{(I3-(2-chlorophenyl)-5-methyl-4-isoxazolylJcarb- 
onyl)amino)-3,3-dimethyl-7-oxo-4-thia-l-azobicyclo- 
[3.2.0]heptane-2-carboxylic acid, monosodium salt). 
This complex may be an active substance in an ISE 
membrane phase. This paper presents the preparation 
and properties of the electrode. 

EXPERIMENTAL 

Reagent 
Analytical grade salts (PGCh, Gliwice) were used. 

Cloxacillin, potassium benxylpenicillin (Penicillium Crys- 
tahsatum) and ampicillin sodium, were obtained from 
PGLFA, and amoxicillin from Laboratoires de Recherche 
Reecham, Sevigna. Aliquat 336 was obtained from General 
Mills, USA. Freshly prepared pencillin solutions were used, 
and were kept in the refrigerator (5”) between successive 
measurements. 

Electrode construction 
The electrode consists of a cylindrical Teflon container 

connected to the poly(viny1 chloride) (PVC) body by a 
screw-thread. The pseudoliquid potential-determining phase 
of the electrode, into which the Ag/AgCl electrode is 
introduced, is placed in a cylindrical PTFE container which 

acts as the sensor. The electrode structure is shown in 
Fig. 1. 

The penicillin electrode potential can be described by the 
equation: 

E=E,+ y x log [penicillin] 

Electrodes of this type, which do not contain an inner 
internal reference solution, possess the same advantages as 
the coated wire electrodes but have longer lifetime’* because 
the modified PVC plasticizer used is a reservoir of the active 
substances necessary for functioning of the electrode. 

The liquid exchanger 
The- liquid exchanger was the Aliquat 336-cloxacillin 

comulex, DmDwcd by shakina 10 ml of Ahouat 336 and 
20 n? of aql;eous O.iM petri&in solution in-a separating 
funnel for 10 min. The extraction was continued until the 
aqueous phase was chloride-free. After drying, the Aliquat 
3364oxacillin complex was kept in a dry vessel at 5”. 

Preparation of potential-determining phase 
The potential-determining phase was prepared by mixing 

0.2 g of the Aliquat 3364oxacillin complex, 1.1 g of dibutyl 
phthalate, of 0.2 g of tributyl phosphate and 0.6 g of PVC. 
After deaeration, the mixture was used to fill the Teflon 
container of the electrode and was then gelled by heating at 
80-90” for 30min. After cooling, the electrode was moun- 
ted, and conditioned for 2 hr in O.lM cloxacillin solution 
before use. 

Potential measurement 
The emf of the ion-selective pencillin electrode and refer- 

ence electrode svstem was measured in a vessel keDt at 
25 f 0.1”. The &-bridge of the Orion 90-02 Ag/AgCl 
reference electrode was filled with O.OSM sodium acetate 
adjusted to pH 7.0 with O.OSM acetic acid. Measurements 
were made with an Orion 901 Ionometer and a Radiometer 
PHM 62 pH-meter. 

RESULTS 

Calibration graphs 

The behaviour of the cloxacillin electrode in solu- 
tions of penicillins and interfering inorganic ions was 
studied over the concentration range lo-‘-lo-‘M. 
The calibration plots are shown in Fig. 2. The slope 
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Fig. 1. Structure of the cloxacillin electrode: l-body, 
2--table, 3-FIFE sensor, 4-Ag/AgCI electrode, 

5---pseudoliquid potential-determining phase. 

of the cloxacillin electrode response is 60 mV/decade, 
and the detection limit is 7 x 10e6M. Other analytical 
parameters of the electrode are given in Table 1. 

Selectivity 

The selectivity coefficients of the cloxacillin elec- 
trode for a number of anions were determined by the 
separate solution method. The values found are given 

Table 1. Analytical parameters of the cloxa- 
cillin electrode 

Slope, mV/Pc&x 60.2 
std. devn., mV 2.1 
corr. coeff. 0.9991 

Intercept, m V 238.2 
Limit of detection. M 7 x 1o-6 
figcglml 

Measurement range, M 
pgg/m[ 

Response time, min 
Lifetime, months 

3.5 
10-S-10-’ 

O.oo444-44 
0.5 
3 

in Table 2. For penicilloate the electrode has a 
response slope of 30 mV/decade in the concentration 
range 10-3-10-‘M. The selectivity coefficient KCp$pn 
is 0.15. For 6-APA the electrode gives a response only 
in the range 0.01-O. lM, with a slope of 26 mV/decade 
and a selectivity coefficient KCp&.ApA = 0.005. 

Response time 

Response time was determined by measuring the 
change in the emf after injection of v, ml of cloxacillin 
solution of concentration c, into up ml of stock solu- 
tion of concentration cp, with vigorous stirring; the 
concentration and volume ratios were kept constant 
at c,/c, = 100 and v&v, = 20. The solution was then 
diluted with an equal volume of water and the emf 
recorded as a function of time. The results obtained 
are shown in Fig. 3 and Table 1. During the stirring 
the emf changes by N 1 mV for O.Ol-O.lM solutions, 
but by up to 5 mV for more dilute solutions. The 
electrode is not suitable for use in flow-through 
systems, on account of washing away of the liquid 
exchanger. 

I I I 1 I 
5 4 3 2 1 

PC 

Fig. 2. Calibration curves of cloxacillin electrode. A: l-cloxacillin; 2-benzylpenicillin; 3-ampicillin; 
4-amoxycillin; B: I-cloxacillin; I-nitrate; 6-chloride; ‘I-acetate. 
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Table 2. Selectivity coefficients 

Species x (O.OlM) KZ:, r 

Benxylpenicillin 0.096 
Ampicillin 0.019 
Amoxicillin 0.014 
6-APA acid 0.005 
Penicilloate 0.15 
Nitrate 0.05 
Chloride 0.0018 
Acetate 0.001 

Eflect of pH 

The dependence of the electrode potential on the 
pH of the solution was examined by adding 0.05M 
hydrochloric acid or sodium hydroxide dropwise to 
20 ml of a stirred lo-‘M solution of cloxacillin. After 
each addition of acid or base, the electrode potential 
and pH were measured. The cloxacillin electrode is 
effective at pH 5-9 (Fig. 4). 

Assay of pharmaceuticals 

The standard addition technique was used, for 
samples at an ionic strength of 0.05M and a pH of 
7.0. The results are given in Table 3. 

DISCUSSION 

As follows from Tables l-3, the cloxacillin elec- 
trode is characterized by good analytical parameters. 
The response time of 30 set, advantageous detection 

c D’ "P 
? 

1 1OmV 

Injettrd c,. V, 

G Dilution l+l 

5z.c 

Time 

Fig. 3. Response time of cloxacillin electrode: c,, = 10-‘&f; 
c,=O.lM; v,=20ml; u,=lml; dilution l:l. 

t 
1Omv . 

l .--OF\, r . 

\ 

- 
PH 

Fig. 4. Effect of pH on response of electrode to cloxacillin. 

Table 3. Results of cloxacillin determination 

Name of Taken, 
penicillin mgll. n 

Cloxacillin 
Found, std. devn., 
mgll. mgll. 

Cloxacillin z3 1 601 6 

40:o 7 9 399 40.8 5 1.9 

Cloxacillin 250 6 251 2 
Ampicillin 250 

Cloxacillin 500 7 513 12 
Ampicillin 250 

Cloxacillin 250 7 264 4 
Amnicillin 500 

limit of 5 x 10b5M and relatively good selectivity 
coefficients for inorganic ions make it useful for 
cloxacillin determination. 

The selectivity coefficients of the cloxacillin 
electrode for penicillins decrease in the order 
cloxacillin > benzylpenicillin > ampicillin > amoxi- 
cillin, and this order can be explained in items of the 
change of substituent character in the penicillin side- 
chain. 

Of the penicillins examined, cloxacillin has the 
strongest affinity for the ion-exchanger owing to the 
presence of a heterocyclic isoxazolyl substituent. Am- 
oxicillin, which has amine and hydroxyl groups on 
the benzyl substituent, has the lowest affinity for the 
ion-exchanger; the atIinity of ampicillin, which has 
only an amine group as the substituent, is slightly 
higher. The affinity of benzylpenicillin is only slightly 
smaller than that of cloxacillin. 

Cloxacillin has been determined with the electrode 
(Table 3) in both pure preparations of the penicillin 
and in solutions corresponding to commercial 
formulations containing cloxacillin and ampicillin 
(Ampliclox and Ampiclox Neonatal, Beecham). The 
selectivity is sufficient for determination of cloxacillin 
in such mixtures. 

The results show that the electrode can be em- 
ployed for control analysis of antibiotics or for 
determinations made in hospital laboratories. The 
potentiometric determination of cloxacillin (a pen- 
cillin which is insensitive to enzyme action) creates 
new possibilities for application of ion-selective elec- 
trodes. It has been found to give satisfactory results 
for determination of cloxacillin in serum, and its use 
for control of cloxacillin production is being in- 
vestigated. 
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Snnunary-An analytical method based on graphite-furnace atomic-absorption spectrophotometry 
employing a suitable signal-enhancing medium for determination of inorganic tin and two of its 
trisubstituted organic derivatives in sea-water has been established. This method allows determination of 
triphenyltin and tributyltin compounds down to 2 x lo-‘* and 2.8 x 10-‘2M respectively by means of 
enrichment by collection on graphitized carbon black (enrichment factor up to 8 x 104) and a separation 
on a small silica-gel column. Inorganic tin, which is not adsorbed on the graphitized carbon black, is 
isolated from the matrix by liquid-liquid extraction of its pyrrolidinedithiocarbamate complex into 
dichloromethane. The method gives good recovery (295%) and precision (65%) at the rig/l.. level. 

The determination of organotin compounds in the 
environment is becoming increasingly more im- 
portant as their production increases.‘*Z Their use is 
strictly related to their degree of substitution.3 
In particular, trisubstituted derivatives are widely 
employed because of their biocidal properties as 
algicides, fungicides, molluscicides etc.*” The intro- 
duction of such compounds into the environment 
could cause serious problems mainly due to their high 
toxicity and tendency to bio-accumulation.* In partic- 
ular, bioassays with algae,5 oysters,6 crabs,‘** mussel 
larvae’ and fishi”*” have shown sublethal and lethal 
effects of tributyltin at levels even lower than 1 pg/l. 
In addition, these compounds can be accumulated by 
some organisms such as oyster’* and fish” with 
factors up to 6000 for rather short exposure periods. 
However, as these organotin compounds in the envi- 
ronment are degraded into less toxic onesI at 
different rates, it is important to have highly sensitive 
(ng/l, level) analytical methods available for their 
determination, in order to control their concentration 
levels in the environment so as to prevent health risk. 

Several techniques have already been employed to 
determine tin and/or its organic derivatives, including 
gas chromatography,15*‘6 HPLC,“*‘* polarography*%** 
and especially atomic-absorption spectrophoto- 
metry.*‘*r 

The objective of this work is to define an analytical 
method for determination of inorganic tin, tributyltin 
and triphenyltin in sea-water. The method, suitable 
for analyte determination at rig/l.. concentration lev- 
els, should be very simple and require only the usual 
laboratory equipment and a graphite-furnace atomic- 
absorption spectrophotometer. 

Apparatus 

EXPERIMENTAL 

A Perkin-Elmer model 2380 atomic-absorption spec- 
trophotometer equipped with a Perkin-Elmer model RlOO 

recorder, a deuterium-arc background corrector and a 
Perkin-Elmer model HGA 400 heated erauhite atomizer 
was employed. Perkin-Elmer untreat& -graphite and 
pyrolytically-coated furnace tubes were used, but for no 
more than 100 determinations each. 

Two GFAAS thermal programmes were utilized: the first, 
for inorganic tin, reported in Table 1, was defined on the 
basis of a preliminary study to determine the optimal ashing 
and atomization temperatures and the second, used for 
organotin compounds, was that defined by Pine1 et ~1.~~ 

Reagents 

A 1 g/l. “Spectrosol” BDH standard solution for AAS 
was used as the primary standard solution for inorganic tin. 
All the less concentrated standard solutions obtained from 
it by dilution were made 1M in hydrochloric acid. Standard 
solutions of both triorganotin compounds were prepared 
with Fluka products (> 98% pure), and those of the di- and 
mono-organic derivatives were prepared with Aldrich prod- 
ucts, all without further purification. The solutions (200 
mg/l.) taken as standards were prepared by weight [triph- 
enyltin chloride (TPT) and dibutyltin dichloride (DBT)] or 
by volume (and density) [tributyltin chloride (TBT) and 
monobutyltin trichloride (MBT)], in ethanol as solvent. The 
concentrated standard solutions were stored at 4”, and the 
dilute ones were prepared daily. 

All the acids employed were “Suprapur” Merck products. 
All the other reagents were Carlo Erba products of 
analytical grade except for the ammonium pyrro- 
lidinedithiocarbamate (APDC) which was from BDH. 
Ultrapure demineralized water (18 Mn . cm) from a Mini-Q 
Milhpore system was always used. 

Artificial sea-wate? with a salinity of about 36 g/kg was 
prepared from demineralized water and salts in the follow- 

Table 1. Thermal programme utilized for inorganic 
tin; the Ar flow (50 ml/min) was stopped during the 

atomization step 

Step 
Time, Temperature, Heating rate, 

set “C deg lsec 

Drying 10 90 4.5 
Drying 5 120 
Ashing 10 550 2::: 
Atomization 
Cleaning : 

2100 max 
2700 max 
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ing molar concentrations: NaCl 0.4106, MgCl, 0.0298, 
M&SO, 0.0284, KC1 0.0093. 

Graphitized carbon black (GCB), Carbo-Pack B 
(Sunelco) 80-100 mesh. with 100 m2/a specific area was used 
for ‘preconcentration of organotin co&pounds, and silica gel 
(70-230 mesh, ASTM, Merck) was used to prepare the 
column for their chromatographic separation. 

Procedures 

different readings corrected for the blank absorption. In 
accordance with the recommendations of the ACS Commit- 
tee on Environmental Improvement the signals used in the 
calculations were always at least ten times the standard 
deviation of the blank signal (i.e., the limit of quanti- 
fication). Unless otherwise specified, the values reported 
correspond to the average of four separate determinations, 
and refer to the tin content. 

Sample treatment and storage. The collected samples were 
filtered through 0.45~pm acetate filters, acidified with 5 ml 
of concentrated nitric acid per litre and stored in poly- 
ethylene bottles at 4”. 

RESULTS AND DISCUSSION 

Preconcentration. GCB (100 mg, previously washed with 
methanol) was put in a glass column (bore 7 mm) provided 
with a porosity-2 frit at one end (Bio-Rad). After passage 
of 5 ml of demineralized water to remove the methanol, a 
fixed volume (up to a few litres) of sample was passed 
through the column at a flow-rate of 20 ml/mm, followed by 
5 ml of demineralized water at the same flow-rate, to 
eliminate the matrix salts. The triorganotin compounds 
were then eluted with 2 ml of methanol/dichloromethane 
mixture (4: 1 v/v) at 2 ml/min flow-rate. The GCB column, 
after washing with another 5 ml of demineralized water was 
then ready for further use. The eluate containing the 
triorganotins was evaporated to dryness under a stream of 
nitrogen and the residue was taken up in 1 ml of n-hexane. 

Separation. The chromatographic column was prepared 
with 200 mg of silica gel between two frits in a Supelco 
column (bore 4 mm). First 20 ml of n-hexane were passed 
through the column (without draining it) to eliminate air 
bubbles. The 1 ml of hexane solution from the precon- 
centration step was then passed through the column at 0.5 
ml/min flow-rate. The TBT was eluted with 3 ml of n- 
hexane/ethyl acetate mixture (2: I), and then with TPT 4 ml 
of ethyl acetate, at 0.5 ml/mm. 

Liauid-liauid extraction of SnflVJ The samnle (200 ml) 

Atomic-absorption determination of metals is par- 
ticularly sensitive when electrothermal atomization is 
used.2s The direct determinations in real matrices, 
however, are often subject to interference by matrix 
components, especially in determinations at ultra- 
trace levels. For tin determination, in particular, 
problems may arise during both the ashing and 
atomization steps, from formation of volatiles and 
interaction of tin with the carbon of the furnace 
wallsz6 Several approaches have been made into the 
solution of these problems, including isolation of tin 
from the matrix,“.2632 addition of a matrix modifier 
to the sample,23~26*3S36 and pretreatment of the furnace 
walls.37-39 Matrix modifiers should essentially prevent 
the tin from being lost by volatilization before it can 
be atomized, thus decreasing interference problems, 
but may also be used simply to obtain a signal 
enhancement.24,N 

was mixed in a 250-ml separatory funnel with‘2 ml of lk 
acetate buffer (pH 4.75) and 5 ml of 10% APDC solution. 
After 10 min the tin-APDC complex was extracted by 
shaking for 2 min with 10 ml of dichloromethane; the 
mixture was then let stand for 10 min for phase separation. 

However, in the present case, the enrichment step 
should also avoid interference problems. 

Spectrophotometric measurements. For all atomic- 
absorption measurements a 0.04% potassium dichromate/ 
2% nitric acid mediumz3 was used. The eluate from the 
chromatographic separation and the organic phase from the 
extraction step were evaporated to dryness under a stream 
of nitrogen and the residues were taken up in a suitable 
volume (usually 1 ml) of the acid dichromate solution. All 
measurements were made on 20-/r] samples introduced into 
the furnace-tube by means of a high-precision Gilson micro- 
pipette. Each value used was the average of at least five 

A short preliminary study was made to optimize 
some of the experimental conditions (kind of furnace, 
wavelength, medium). These results, summarized in 
Table 2, show that non-treated furnace tubes gave 
higher sensitivity than pyrolytically-coated ones. The 
sensitivity was also higher for the 224.6 nm line than 
the 286.3 mn line. The acid dichromate mediumz3 was 
used whenever possible, as it enhanced the signal for 
all the analytes considered. 

TO allow speciation of the tin, at least two precon- 
centration steps were required, one for inorganic tin 
and one or more others for organic forms of tin. 

Table 2. Evaluation of the influence of some experimental parameters on the recorded instrumental signal 

1, Sensitivity, Y-intercept, Correln. 
Analyte Medium nm Tube absorbance , ml. pgg-’ absorbance x 10’ coeff. 

SnCl, Demineralized water 224.6 Gr* 1.51 0.7 0.9981 
SnCl, Demineralized water 224.6 Py* 1.52 -0.5 0.9997 
S&I, 1M HNO, 224.6 Gr 2.85 -0.6 0.9988 
SnCl, 1M HNO, 224.6 Py 1.70 0.3 0.9987 

SnCl, 

l 

0.04% K,Cr,O, 
2% HNO, 224.6 Gr 3.31 -0.2 0.9996 

SnCl, 0.04% K&O, 
2% HNO, 286.3 Gr 3.06 -0.5 0.9993 

TPT Demineralized water 224.6 Gr 3.06 -0.1 0.9996 

TPT 
{ 

0.04% K,Cr,O, 
2% HNOJ 224.6 Gr 3.18 0.0 0.9991 

TBT Demineralized water 224.6 Gr 1.73 1.0 0.9993 

TPT 
c 

0.04% K&O, 
2% HNO, 224.6 Gr 2.84 -0.0 0.9981 

*Gr = graphite tube; Py = pyrolytically-coated tube. 
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Table 3. Reconcentration of inorganic tin from 200 ml of 
artificial sea-water by liquid-liquid extraction of its APDC 

complex into dichloromethane at pH 4.75 

SnCl, added, S&l, found, RSD, Recovery, 
n8 W % % 

&?3 
3.9 f 0.3 7.7 98 

19.7 f 0.5 2.6 98 

For preconcentration of inorganic tin, co-preci- 
pitation with iron,” magnesiumgl or calcium,42 and 
liquid-squid extraction with cupferronr tropolone” 
or APDC4” are most frequently employed. Since 
sea-water contains a sufficient amount of magnesium, 
co-precipitation with this metal was tested on 
artificial sea-water spiked with tin. Unfortunately, the 
high magnesium content in the sample thus enriched 
strongly interferes in the tin dete~ination. There- 
fore, liquid-liquid extraction of the tin-APDC com- 
plex at pH 4.75 into dichloromethane45 was adopted. 
The results in Table 3 show that practically complete 
recovery of inorganic tin is obtained. 

Triorganotin compounds have usually been pre- 
~n~ntrat~ from aqueous samples by liquid-liquid 
extraction with’sJs~4s or without22,24,3G39 complexing 
agents. Toluene is one of the most commonly 
employed extractants, and dichloromethane also 
extracts these compounds. 39 Toluene and di-isopropyl 
ether were tested. The ether does not extract the test 
compounds su~ci~tly, and even though toluene 
extracts both t~organotin compounds practically 
quantitatively,qb their total content cannot be directly 
determined by extraction because of the different 
AAS sensitivities for the two species.46 At least one 
further step is necessary; either mineralization and 
determination of the resulting inorganic tin to give 
the sum of TBT and TPT, or a ~hromatograp~c 
separation. In this connection, the use of GCB 
seemed very promising for giving preconcentration 
and separation at the same time, since it had already 
been widely employed for chromatographic column 
preparation:” and preconcentration of pesticides 
from natural water4’ and of metabolites or catabolites 
from biological fluids.‘s5’ 

The complete retention of TBT and TPT by GCB 
was verified by passing 1 litre of 40 pg/l. TBT or TPT 
solution through it at 20 ml/min flow-rate, and 
testing the eluate for them. The maximum adsorption 
capacity (break-through) of GCB for the two or- 
ganotin compounds was not determined, because of 

their extremely low concentration levels in sea-water. 
It was considered much more important to find and 
verify the lowest concentration levels at which these 
compounds may be determined by retention on GCB 
and subsequent elution and AAS dete~nation, It 
must be stressed that the presence of inorganic tin in 
the sample does not interfere with the determination 
of the organotin compounds by this method, since it 
is not retained by GCB and thus can be separated 
from the organic forms. 

The individual TBT and TPT elution curves with 
different eluents (methanol, acetonitrile and acetone) 
were determined. Although acetone and acetonitrile 
eluted TBT faster than TPT, and methanol eluted 
both simultaneously, the elution was not quantitative 
(Table 4), and other eluents were tested. A 2: 1 v/v 
mixture of methanol and dichloromethane was found 
to be the best. Table 5 gives the data for the 
preconcentration of TBT and TPT (at two concen- 
tration levels) from both demineralized water and 
artificial sea-water with this eluent. To evaluate the 
lowest concentrations that can be determined 
increasing volumes of sample (in 1-litre steps) but 
always containing 1 ng (as total tin) of TPT or TBT 
were analysed by the procedure reported above, 
except that a final volume of 50 ~1 was used, which 
allowed only two spectrophotometric readings. The 
results, together with the relative factors, are reported 
in Table 6. Determination of TPT and TBT down to 
0.25 and 0.33 rig/l. respectively is feasible, but it must 
be underlined that for more si~ifi~nt results to be 
obtained larger volumes (>, 100 ~1) of acid dichro- 
mate should be used to dissolve the final residue so 
that at least four readings can be made. This also 
means that either the limit of quantification will be 
doubled, or larger sample volumes must be treated. 

Since the aim was dete~ination of the in~~dual 
analytes, a chromatographic separation of TBT and 
TPT after the preconcentration step was needed. 
Preliminary thin-layer chromatographic experiments 
showed that these two compounds could be separated 
on silica gel, with 2: 1 v/v n-hexanejethyl acetate 
mixture; in column work, however, the TPT (more 
strongly retained than TBT) gave a rather shallow 
and broad elution peak. It was therefore preferred to 
eluted the TBT with the solvent mixture, and then 
TPT with ethyl acetate alone. 

No interference is caused by any less substituted 
phenyltin or butyltin compounds present in the 
sample. Although they may be at least partially 

Table 4. Quantitative recovery tests of TPT and TBT from GCB by selective elution 

TPT TBT 

Volume, Retained, El&d, Recovery, Retained, Eluted, 
Eluent ml 

Recovery, 
a8 W % W W % 

CH$OCH, 
: 

25.0 - - 
CH,CN 

21.8(a) 50 
25.0 - % 

CH,OH 88 44:o 
22.9 (a) 

2 25.0 21.9 f 1.0 41.2& 1.1 z 

*Average of two determinations. 
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Table 5. Preconcentration tests of TBT and TPT by GCB: eluent 500 ml of 
methanol/dichloromethane (2 : 1) 

Theoretical, Found, RSD, Recovery, 
Analyte Medium ng ng % % 

TPT Demineralized water 25.0 24.7 f 0.2 0.8 99 
TPT Demineralized water 12.5 12.4 f 0.2 1.5 99 

TBT Demineralized water 44.0 43.5 + 0.2 0.5 TBT Demineralized water 22.0 21.7 + 0.7 3.2 zz 

G ASW(*) ASW(+) 25.0 12.5 24.5 12.3 + f 0.1 0.2 0.4 1.6 98 98 
TBT ASW(*) 44.0 43.2 f 0.2 0.5 98 
TBT ASW(+) 22.0 21.8 + 0.5 2.5 99 

+ASW = Artificial sea-water. 

Table 6. Evaluation of the limit of quantification 

Theoretical, Volume, Found,* Enrichment 
Analyte ng ml ng factor 

TBT 1.0 2 x 104 
TBT 1.0 4x 104 
TBT 1.0 0.8 6x 104 
TBT 1.0 

z 
nd - 

TPT 1.0 1000 1.0 2x 104 

z 1.0 1.0 4000 2000 0.9 1.0 4x 8 x 104 l@ 
TPT 1.0 5000 nd - 

*Average of two determinations. 
nd = not detected. 

Table 7. Recovery tests on sea-water samples (200 ml) 

Natural 
content, Added, Found, RSD, Recovery, 

Analyte ng ng ng % % 

Sn(IV) 3.0 12.5 15.1 kO.4 2.6 97 
TPT - 10.0 9.5 *0.5 5.3 95 
TBT - 10.0 9.5 *0.5 5.3 95 

retained by GCB (only -25% retention of the 
monosubstituted species) and co-eluted with the 

trisubstituted compounds by the methanol/ 
dichloromethane mixture, the TBT and TPT are 
selectively eluted in the subsequent chromatographic 
step. The elution of DBT and MBT (which are more 
mobile than the corresponding phenyl derivatives) 
from the silica gel needs larger volumes of ethyl 
acetate than that needed for elution of TPT (the RF 
values of DBT and MBT are a half and a fifth, 
respectively, of that for TPT). 

The method was applied to a sea-water sample 
taken from the Roman coast. The inorganic tin 
concentration in the sample was only 15.0 ng/ml, and 
neither TBT nor TPT was detected. The reliability of 
the method was checked by recovery tests on the 
same sample suitably spiked. The results summarized 
in Table 7 confirm the adequate performance of 
the method, especially considering the very low 
concentration levels determined. 
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mry-The coulometric determination of carbon dioxide is based on the alkalimetric titration of the 
product of absorption of carbon dioxide in an organic solution of monoethanolamine. The processes 
occurring in various solvents have been investigated and optimized for analytical application. The 
protolytic reactions of 2-hydroxyethylcarbamic acid have been investigated in 2-propanol + 2,5 and 10% 
water, dimethylformamide + 2% water, dimethylsulphoxide + 5, 10 and 20% water. In coulometric 
generation of the base, O.lM solutions of tetraethylammonium bromide in these solvents were used. The 
course of the titration was followed potentiometrically with glass and antimony indicator electrodes. From 
the titration curves the autoprotolysis constants of the mixed solvents and protonation constants of 
monoethanolamine in them were calculated. These constants and the concentration of monoethanolamine 
influence the size of the end-point break for the titrations. On this basis, optimal conditions for analysis 
have been selected and the total carbon content in samples of natural waters has been determined. 

Determination of carbon dioxide presents an 
important analytical problem when its concentration 
should be directly evaluated or when carbon dioxide 

is the product of decomposition of samples contain- 
ing inorganic as well as organic carbon, Methods of 
carbon dioxide determination can be divided into 
direct and indirect procedures. In the former the 
analyte is determined as carbon dioxide, e.g., by 
infrared spectrometry,’ gas chromatography, with a 
thermal conductivity detector,* or manometry.” In 
the indirect procedures the analytical signal relates to 
the product of a reaction between carbon dioxide and 
a component of the absorbing solution. Among 
indirect procedures the following may be noted: 
gravimetry as barium carbonate,4 conductimetry, 
based on the decrease of solution conductance after 
absorption of carbon dioxide,5 and pH-measurement, 
based on the change in pH of the absorbing solution 
(usually barium hydroxide).6 The use of ion-selective 
electrodes sensitive to carbon dioxide may also be 
arbitrarily included in this group, because the 
diffusing carbon dioxide changes the pH of the 
hydrogen carbonate solution inside the sensor.’ 
Titrimetric procedures are based on alkalimetric 
titration to restore the pH of the solution in which the 
carbon dioxide has been absorbed, to its initial value. 
Such titrations may be performed volumetrically with 
a standard alkali solution* or coulometrically with 
electrogenerated base.“’ The main difficulty is that 
the end-point is poor because hydrogen carbonate is 
a weak acid. 

For several years, procedures for determining 
carbon dioxide have been based on its absorption in 
organic or mixed solvents in the presence of mono- 
ethanolamine (MEA). This amine reacts with carbon 

dioxide to form a stronger acid, which in turn is 
titrated with the standard base solution, e.g., with 
tetraethylammonium hydroxide (thymolphthalein 
as indicator).‘“rs The coulometric version of this 
procedure, in which the base is electrogenerated at 
the cathode of the coulometric cell, is much more 
elegant. In such procedures different solutions have 
been used for carbon dioxide absorption. Boniface 
and Jenkinsi used a 3.5% solution of MEA in 
dimethylformamide (96.5%) + water (3.5%) contain- 
ing potassium iodide. Lindberg and Cedergren” used 
a similar solvent but containing only 2% water, and 
sodium perchlorate as an electrolyte. Metters et a1.,‘* 
used 3% MEA in 2-propanol, along with tetra- 
ethylammonium bromide. In these methods the end- 
point of the coulometric titration was determined 
spectrophotometrically with thymolphthalein as 
indicator. Houde and Champyi9 used potentiometric 
end-point detection in dimethylsulphoxide (90%) + 
water (10%) solution containing 3% MEA and 0.2M 
tetrabutylammonium bromide. 

Carbon dioxide reacts with MEA to give 
2-hydroxyethylcarbamic acid: 

CO2 + HOC2 H4 NH, -+ HOC2 H4 NHCGGH 

Initially,2O it was supposed that this compound is 
neutralized by the base. It is, however, a relatively 
strong acid*’ with log KB << 7, and it reacts with an 
excess of MEA to give the monoethanolammonium 
ion, which, depending on the medium, may be 
associated with the 2-hydroxyethylcarbamate 
anion.r8**’ The coulometric titration of the mono- 
ethanolammonium ion as an acid is the basis of 
carbon dioxide determination. This suggestion was to 
some extent confirmed by Whymark and Ottaway,** 
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who isolated the corresponding carbamate from a 
solution of MEA in pyridine after carbon dioxide 
absorption. 

The aim of this paper is to study the ionic equilibria 
in various solvents as an indication of the most 
reasonable choice of experimental conditions and to 
confirm whether potentiometric end-point detection 
can be used in this titration. 

EXPERIMENTAL 

Reagents 
2-Propanol (POCh-Gliwice) was purified by distillation 

and the fraction distilling at 82” was collected. N,N- 
Dimethylformamide [DMF] (PGCh-Gliwice) was purified 
by distillation under reduced pressure and the fraction 
distilled at 21” was collected. Dimethylsulphoxide [DMSO] 
(Reachim-USSR) was tirst purified by freezing and then 
doubly distilled. The fraction distilling at 38” was collected. 
Monoethanolamine [MEA] (POCh-Gliwice) was purified by 
distillation and the fraction distilling at 172” was collected. 
Tetraethylammonium bromide (Reachim-USSR) was dis- 
solved in hot 2-propanol, cooled and precipitated with 
acetone. The precipitate was dried under reduced pressure 
at 40”. This procedure was repeated three times. The 
product had an m.p. of 274”. Sodium carbonate was ob- 
tained from sodium hydrogen carbonate by heating at 280”. 
Sulphuric acid, potassium persulphate and silver nitrate 
were of analytical reagent grade. In all cases the water used 
was doubly distilled. Argon was purified by passage through 
sodium hydroxide solution. 

Apparatus 
The arrangement is shown in Fig. 1. The coulometric 

analyser was a Radelkis OH-404 and the end-point was 
indicated by a Radiometer PHM 64 pH-meter, with either 
a Radiometer G-202 B glass electrode or a single-crystal 
antimony electrode of our own construction. The reference 
electrode was of the silver chloride type with an electrolytic 
bridge of O.lM sodium chloride. 

In the coulometric cell double compartment the cathodic 
and anodic parts were separated by two sintered-glass 
diaohraams (G4) with the intermediate space tilled with 3% 
sodmm&mhlorate solution in agar gel. Both electrodes 
in the generating circuit were made of platinum, with a 
cathode surface area of approximately 0.8 cm*. 

In equilibrium studies the potentials were read directly 
from the potentiomemr display. In analytical deter- 
minations the potentiometer output was recorded as a 

Sample 

Fig. 1. Block diagram of the measuring set-up. 

titration curve with a Radiometer REC 61 recorder and the 
end-point was evaluated graphically. 

The mineralization vessel consisted of a three-necked 
70-ml flask. The middle opening was fitted with an outlet 
tube for the gas evolved and its transport to the absorber. 
The two other openings were used for introduction of argon 
through a capillary tube and for addition of the sample. 

Procedure 
In the determination of inorganic carbon the mineral- 

ization flask contains 10 ml of 3M stdnhuric acid. The flask 
is first purged with argon and then the sample or a 
carbonate standard is added. The evolved gas is carried in 
a stream of argon flowing at 100 ml/min, and after passage 
through U-tubes containing silica gel and manganese 
dioxide is absorbed in the-coulometric cell in the 1% 
solution of MEA in 0. 1M tetraethvlammonium bromide in 
a given solvent. After 15 min the contents of the cathodic 
compartment are titrated with base electrogenerated at 
5 mA current. 

When organic carbon is determined in samples of organic 
compounds or natural waters the mineral&ion flask-con- 
tains 10 ml of 6M stdnhuric acid. 5 ml of 10% silver nitrate 
solution and 25 ml-of saturated potassium persulphate 
solution. After addition of the sample the flask is heated for 
15 min, nearly to boiling, with continuous passage of argon. 
The carbon dioxide evolved is absorbed as before and 
coulometrically titrated at 5 mA current. 

RESULTS AND DISCUSSION 

Investigation of protolytic equilibria 

The reaction between carbon dioxide and MEA 
may proceed in various organic solvents or aqueous 
organic solvent mixtures. Because the final deter- 
mination is based on titration of the reaction product, 
which may be either 2-hydroxyethylcarbamic acid or 
the monoethanolammonium ion, the magnitude of 
the end-point break and consequently the precision of 
the titration depend primarily on the protonation 
constant of the relevant reaction product and on the 
autoprotolysis constant of the solvent. Such systems 
have not been investigated before and the choice of 
determination conditions had no firm theoretical 
basis. The solvents chosen for this study had either 
been used previously or had a composition similar to 
one mentioned in the literature. The solvents were 
2-propanol containing 2, 5 or 10% water, DMSO 
containing 5, 10 or 20% water and DMF with 2% 
water. The last solvent was not studied with a higher 
water content because it is hydrolysed in the presence 
of more water.” The autoprotolysis constants of 
these seven mixed solvents and the corresponding 
protonation constants of monoethanolamine were 
determined. 

The procedure for autoprotolysis constant deter- 
mination was described previ0usly2~ and is based on 
coulometric titration of a strong acid (perchloric) in 
a given solvent system (SH) with electrogenerated 
base. The potential of the glass electrode before the 
end-point (i.e., in excess of acid) is 

E = E; + 59.16 log[SH,+] 

= E: + 59.16 logteE.;; Q, (1) 
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Fig. 2. Coulometric titration curves of HClO, ( x ), MEAH+ (O), and the MEA + CO, reaction product 
(0) in various solvents. Solid line-curve calculated for MEAH+ in presence of an excess of MEA. 

where Ei (mV) is a constant for the electrode-cell 
system in a given solvent for the acidic range, Q&r 
(mC) is the charge consumed in reaching the titration 
end-point, Q (mC) is the charge corresponding to the 
potential E (mv), V (ml) is the solution volume and 
F is the Faraday constant. After the end-point (i.e., 

in excess of strong base) the potential is given by 

E = E; - 59.16 log[S-] 

= E”b - 59.16 log(Q $ar) (2) 

where Eg (mV) is a constant for the basic range, and 
consequently 

p&=-lOgKi= 6% - E!J 
59.16 

The titration curves for three selected solvents are 
presented in Fig. 2 and values of the constants in 
Table 1. 

The protonation reaction of monoethanolamine 
was also studied coulometrically according to the 
procedure described elsewhere.” The coulometric 
cell contained 40 ml of O.lM tetraethylammonium 

bromide in the chosen solvent, containing 0.05 
mmole of MEA and approximately 0.07 mmole of 
perchloric acid. The base was generated with a 
current of 5 mA. The logarithm of the protonation 
constant was calculated from the equation: 

log KE” = - log[SH;] 

+ log QE.P. - Q - WW,+l - [S-l) 
Q + FWSW - WI) 

c4j 

where Qs,r, (mC) is the charge equivalent to the 
amount of the monoethanolammonium ion. Q (mC) 
is the charge consumed in the course of titration 
corresponding to the potential E (mV) of the indi- 
cator electrode 

E = E; + 59.16 log[SH;] (5) 

The curves for titrations in three of the solvent 
systems are shown in Fig. 2 and the calculated 
protonation constants for all the systems are given in 
Table 1, which also shows the equilibrium constant of 
the neutralization reaction; log K = PKi - log KgeA. 

The reaction products obtained after absorption 
of carbon dioxide in 1% v/v solutions of MEA in 

Table 1. Protolytic constants in various mixed solvents (I = 0.1) 

PJ 
log KE” 
lon K 

2-Propanol-water DMSO-water DMF-water 

98+2 95+5 90+10 95+5 90+10 80+20 98+2 

17.91 17.48 16.99 19.67 19.40 18.79 19.91 
9.52 9.09 8.98 10.39 9.95 9.75 10.67 
8.39 8.39 7.61 9.28 9.45 9.04 9.24 
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Fig. 3. Effect of various solvents on the titration end- 
point break in the determination of 0.05mmole of CO,. 
c MW = 1%. Points--experimental; solid Iines-calculated 

for MEAH+ in the presence of an excess of MEA. 

various solvents were examined. The samples con- 
tained 0.05-0.1 mmole of carbon dioxide and thus the 
amine was approxima~ly 60-TZO-fold in excess. The 
titration curves (Fig. 2) show a significantly smaller 
end-point break than the titration curves 
for MEA alone, because a large excess of the 
non-protonated amine is present in the absorbing 
solution. When the fraction titrated is 0.5, 
log[MEA]/~MEA~+] is close to 2.2, which means 
that the initial part of the titration curve should be 
shifted downwards by approximately 130 mV. [SH,+] 
at points on the titration curve was calculated from 

[MEAH+] 
ISH,+] = [MEAJjQsA 

(QE.P. - Q> 

=(CREAFV - QEP. + QXEA 
@I 

where Chu (1M) is the initial ~n~ntration of 

MEA, Fig. 2 shows that the calculated titration curve 
agrees with the experimental points within 2-3 mV. 
This supports the hypothesis that in such titrations 
the monoethanolammonium ion is titrated by the 
generated base. 

The magnitude of the end-point break (Fig. 3) 
depends on the solvent and is largest for 
DMSO + water (90 + 10) and smallest for 2-pro- 
panolfwater (90 + IO), This order is reflected in 
the value of logK, (log K =pKi -logK,Ma”), the 
equilibrium constant of the neutralization reaction 
(Table 1). The values of K,+ explain the apparent 
anomaly that the titration curve has a larger break 
for the 90: 10 DMSO-water mixture than for the 95 : 5 
and 80 : 20 mixtures. 

Conditions for carbon dioxide determination 

An accurate determination requires complete 
absorption of the carbon dioxide in the MEA solu- 
tion, as well as 100% current efficiency in the base 
generation. The latter condition was established 
(within experimental error) as holding for all the 
solvents investigated, by titration of perchloric acid 
samples of known concentration. 

The time required for absorption of the carbon 
dioxide depends mainly on the rate of the mineral- 
ization process and for the samples used in this study 
15 min from the beginning of ~neral~tion was 
adequate. 

The concentration of MEA also affects the absorp- 
tion of carbon dioxide. The solutions used so far in 
this study contained 1% MEA, which was found 
sufficient for quantitative absorption. Nevertheless 
the concentration of MEA in the absorbing solution 
greatly influences the magnitude of the end-point 
break, shifting the initial part of the curve towards 
more negative potentials. Experiments were per- 
formed with MEA solutions having concentrations 
from 0.01 to 3.0% (Fig. 4), i.e., starting from 
amounts of the amine that were nearly stoicheio- 
metric relative to the amount of carbon dioxide. On 
the other hand, when the efficiency of absorption was 
evaluated for those solutions it was found to be only 
50% for the lowest concentration studied (Fig. 5). 

Table 2. Determination of total carbon in various samples 

Sample Total carbon, mg Carbon 
size, R.S.D., content, 

Sample ml Taken Found % (n = 5) mg/l. 

Sodium carbonate 
Potassium hydrogen 

phthalate 

River water (Wisla) 
River water (tiwiec) 
Well water 
Pond water 
Tap water 
Paoer mill cfauent 

0.546 0.543 0.1 
0.473 0.470 0.8 
0.710 0.713 0.7 
1.183 1.179 0.5 

5 0.209 0.4 41.8 
5 0.161 

10 0.180 :z 
32.2 
18.0 

10 0.385 0:4 38.5 
5 0.167 0.5 33.4 
5 0.468 0.3 93.6 
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Fig. 4. Effect of MEA concentration on the titration curves 
of MEA + CO, reaction product in 2-propanol+ water 
(98 + 2). The amount of carbon dioxide is ca. 0.05 mmole. 
Points-experimental; solid lines-calculated for MEAH+ 

in the presence of an excess of MEA. 

The lowest concentration of MEA that ensures 
complete absorption is close to 1% when the samples 
analysed contain approximately 0.1 mmole of 
carbon. In these conditions several samples may be 
analysed with the same absorption solution, but care 
must be taken not to fall short of the threshold MEA 
concentration necessary for complete absorption. 

Potentiometric end-point detection 

The study of the reaction mechanisms and of the 
determination procedure was mainly performed with 
a glass indicator electrode of good quality. The 
results indicate that it works properly in all the 
solvent systems over a wide range of acidity. In all 
cases the potential readings were taken with no 
current flowing in the generator circuit. An undesired 
coupling of the generator and indicator circuits is 
responsible for a systematic potential shift when the 
current in the generator circuit is switched on. This 

4000 

t 

2ooo 2 
0.01 0.1 1.0 10 

MEA (Y.) 

Fig. 5. Efficiency of carbon dioxide absorption at various 
concentrations of MEA in 2-propanol+ water (98 + 2). 

0.5 1.0 1.5 

Titration fraction 

Fig. 6. Response of glass (0) and antimony/antimony oxide 
(0) electrodes in the titration of MEA + CO, reaction 

product in Zpropanol + water (98 + 2). 

effect is probably mainly responsible for potentio- 
metric detection being rarely used in coulometric 
procedures. Similar effects were also observed when 
the glass electrode was replaced by the low-resistance 
antimony pH electrode. Nevertheless, for both elec- 
trodes the shapes and the magnitudes of the titration 
curves were identical (Fig. 6), which suggests that the 
antimony electrode may be used with success. Its 
advantage is the possibility of miniaturization, which 
may be necessary if the equipment is adapted for 
analysing smaller samples. 

Determination of carbon in natural samples 

The procedure for carbon dioxide determination 
has been applied for analysis of sodium carbonate 
and potassium hydrogen phthalate. For the former, 
acid decomposition of the sample was used; for the 
latter mineralization was necessary, with an oxidizing 
mixture composed of sulphuric acid and potassium 
persulphate in the presence of silver ions as catalyst.25 
The same procedure was used for mineralization of 
water and sewage samples. 

The study of the determination conditions indi- 
cated that the best solvent is DMSO + water 
(90 + lo), but in most routine determinations 
2-propanol + water (98 + 2) was used. In this solvent 
the titration break is slightly smaller, but the solvent 
is cheaper and more easily purified. The stability of 
the potential response measured by the indicator 
electrode system was practically the same for all the 
solvents. 

For all the reagents used in the mineralization it is 
necessary to find the blank value, which arises from 
carbon compounds present in the reagents and their 
solutions. For the sulphuric acid used for decom- 
position of sodium carbonate the carbon dioxide 
blank was usually close to 0.016 mg, whereas the 
reaction mixture for mineralization gave a blank of 



524 STANISLAW GUB and ADAM HIJLANICKI 

0.124 mg. In spite of the good reproducibility of these 8. F. G. RBmer, G. W. S. van Ouch and B. G&pink, 
values, there is doubtless a limit to the practicality of Mikrochim. Acta, 1971, 772. 

analysis of very small samples and of those with low 9. R. Levy, Bull. Sot. Chim. France, 1968, 2173. 

carbon contents. The results obtained in this paper 
10. E. Koxlowski and J. NamieSnik, Mikrochim. Acta, 1979 

are satisfactory (relative standard deviation below 
I, 317. 

11. J. D. Hobson and H. Leigh, Analyst, 1974, 99, 93. 
0.1%) over the total carbon range from 18 mg/l. for 12. D. Fraisse, Talan& 1971,~1S, loll. 
natural waters to 94 mg/l. for paper mill effluent. 13. N. Sixta, Z. Anal. Chem. 1977, 285, 369. 

14. P. Braid, J. A. Hunter, W. M. Massie and J. D. 
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Summary-Uncombined elemental sulphur in petroleum products such as kerosene, diesel, furnace and 
gear oil has been determined by conversion into copper(I) sulphide at 150-170”. The copper(I) sulphide 
can be weighed, or its sulphur content determined by the iodimetric method. 

Recently a novel procedure for determination of 
elemental sulphur was reported.’ It was then noted 
that though a similar procedure has been rec- 
ommended for sulphur in cutting oils and cutting 
fluids,z no procedure has been recommended for 
the determination of free sulphur in petroleum dis- 
tillates. This paper reports the application of the 
method to determination of elemental sulphur and 
other copper-reactive sulphur species in petroleum 
products, by converting the sulphur into Cu(1) sul- 
phide by treatment with copper powder, filings or 
turnings. 

EXPERIMENTAL 

Reagents 

The petroleum products were obtained locally. Pure 
copper powder (BDH) was used. 

Determination of sulphur in kerosene 

Reflux 200 ml of kerosene with 100 mg of copper powder 
in a 500-ml round-bottomed flask for about an hour. The 
sulphur present forms black Cu(I) sulphide, which separates 
out along with unused copper. Cool the mixture to room 
temperature, then distil off nearly all of the kerosene 
(HO-170”), in a rotary evaporator, and let the slightly wet 
solid (Cu + Cu,S) cool to room temperature. Retain the 
distillate for future use (see below). Fit an assembly having 
a nitrogen inlet, a dropping funnel and a reflux condenser 
to the flask. Attach the top end of the condenser to a 
bubbler holding 250 ml of a cadmium hydroxide suspension 
(30 ml of 2M sodium hydroxide + 10 ml of 10% cadmium 
acetate solution + 210 ml of distilled water). Pass nitrogen 
throuah the flask and then the bubbler. Add 10-15 ml of 
67% gydriodic acid through the dropping funnel and heat 
the contents of the flask to reflux temperature. The hydro- 
gen sulphide thus liberated is swept out by the nitrogen 
stream and trapped as cadmium sulphide in the suspension 
in the bubbler. After an hour, the flask is cooled and the 
yellow cadmium sulphide is determined after iodimetrically 
acidification of the solution. 

Any polysulphides present will react similarly to elemen- 
tal sulphur and the result will correspond to the sum of the 
two species. 

Determination of sulphur in gear oil/lubricating oil 
In a 100~ml round-bottomed flask place 50 ml of the 

kerosene that has been distilled during determination of its 
free sulphur content (as above), and add 20 ml of gear oil, 
100 mg of copper powder and a Teflon-covered magnetic 
follower. Reflux the mixture for l-2 hr. Distil off most of 
the petroleum oils and complete the analysis as already 
described. 

Determination of sulphur in diesel and furnace oil 

Analyse in the same way as gear and lubricating oils. The 
diesel oil mixture with Cu,S/Cu froths during the refluxing 
with hydriodic acid, but this does not hinder the estimation. 

RESULTS AND DISCUSSION 

From the results in Table 1, for analysis of various 
samples, it can be seen that elemental sulphur dis- 
solved in these petroleum oils can be completely 
removed and determined by treatment with copper. 
Secondly, kerosene has been found to be a very good 
solvent for sulphur, and copper reacts quantitatively 
with sulphur in this solvent. In the previously re- 
ported method,’ benzene and acetonitrile were used 
as solvents. This study indicates that kerosene can 
also be employed, and kerosene free from copper- 
reactive sulphur is conveniently obtained in the 
course of its analysis for sulphur. Petroleum ether 
(b.p. 40-60”) can also be used as the solvent. To 
ascertain whether organic sulphur compounds react 
with copper in kerosene, experiments were done 
in which copper powder was treated with carbon 
disulphide, dimethyl sulphide, dimethyl sulphoxide, 
mercaptoacetic acid, thiourea and trimethylene thio- 
urea. The samples were refluxed for 2 hr, cooled to 
room temperature and then treated with excess of 
hydriodic acid and boiled. It was observed that 
carbon disulphide, dimethyl sulphide and dimethyl 
sulphoxide underwent hardly any reaction with 
either copper or hydriodic acid, whereas thiourea, 
trimethylene thiourea and mercaptoacetic acid 
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Table 1. Determination of uncombined sulphur in some 
netroleum oils 

Sample Oil 

Sulphur, mg 
Amount, 

ml Present Found 

I Kerosene Sample I 200 Not known 4.16 
200 Not known 4.20 

Kerosene Sample II 200 
200 

Kerosene (distilled) 25 
50 

Kerosene? 4 
8 

II Gear oil 10 
20 

III Diesel oil 10 

Not known 5.92 
Not known 5.98 

26.8* 26.5 
53.6* 53.4 

Not known 18.9 
Not known 37.4 
Not known 14.5 
Not known 29.1 
Not known 1.3 

sulphur (and or polysulphides) in a sample. Organic 
polysulphides underwent partial reaction with copper 
on boiling; presumably by reaction with the thermally 
cleaved sulphur. 

Another important observation is that part 
of the copper(I) sulphide formed is so well dis- 
persed in diesel and kerosene that a black-brown 
suspension is obtained, which is why vacuum dis- 
tillation is recommended for removal of the excess of 
kerosene. When the supematant solution is clear and 
the copper/copper sulphide mixture settles out, fil- 
tration can be used to collect the copper(I) sulphide 
and unreacted copper. 

The results in Table 1 indicate that Indian commer- 
20 Not known 2.5 

IV Furnace oil 200 Not known 6.2 
cial kerosene contains 20-30 mg of sulphur per 

200 Not known 6.2 
litre, lubricating oil has 1.5 g/l. and diesel 150 mg/l. 
The solubility of sulphur in kerosene is about 4.7 g/l. 

*Added to kerosene distilled after reflux with copper to 
remove sulphur. 

at 30”. The recovery test showed that the copper 

?A saturated solution of sulphur in kerosene at 30”. 
treatment removed all the copper-reactive sulphur. 

Acknowledgement-I thank Junior Research Fellows Miss 
R. S. Veena and Miss N. Jayalakshmi for repeating some of 

underwent partial reduction to hydrogen sulphide the analyses. 

@l-30%) when heated with hydriodic acid, but gave 
no reaction with conper. It is important to note that 
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DETERMINATION OF TRACE ELEMENTS IN REFERENCE 
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METHOD (INAA) 

M. CARMO FRE~TM and EDUARDO MARTINUO 
LNETI/ICEN-Departamento de Energia e Engenharia Nucleares, 2686 Sacavb Codex, Portugal 

(Received 12 July 1988. Accepted 14 November 1988) 

~~-1nst~rnent~ neutron activation analysis was applied to four reference materials: NBS 1573 
flomato Leaves), NBS 1645 (Citrus Leaves), NBS 1645 (River Sediment), and IAEA MA-A-2 (TM) (Fish 
Flesh). The b-standardization method was used. The results are compared with (i) reference values 
(mostly non-certified) and (ii) published values obtained by other methods. Good agreement is found for 
most of the elements. For some elements, large discrepancies are observed. 

The ~-standa~ization method” is now well charac- 
terized and a few papersq”i have already been pub- 
lished on evaluation of its accuracy and precision. In 
some of these publications,3*5g8*9 comparison is made 
with the relative method; it has been concluded that 
both methods have similar accuracies. In the present 
work, the reference materials NBS 1573 (Tomato 
Leaves), 1572 (Citrus Leaves), 1445 (River Sediment), 
and IAEA MA-A-2 (TM) (Fish Flesh) have been 
analysed by instrumental neutron activation analysis 
(INAA), using the /c,-standardization method. For 
most of the elements determined in these materials no 
certified values are available for comparison. Thus, to 
ascertain the accuracy we need to compare the values 
with published values obtained by other methods. 
The following methods were used: relative method 
(INAA), radiochemical NAA (RNAA), cyclic INAA 
(CINAA), epithermal INAA (ENAA), precon- 
centration NAA (PCNAA), and photon AA (PAA). 
For NBS 1645 (River Sediment), atomic-abso~tion 
spectrometry (AAS), and X-ray fluorescence (XRF) 
were also used. Comparison is also made with the 
“consensus” values obtained by Gladney et aLLo after 
compilation of concentration data in NBS reference 
materials. 

SumpIe preparation 

Each sample was carefully homogenized by mixing, and 
oven-dried at 85” except the River Sediment; this was dried 
in a desiccator over phosphorus pentoxide. Fractions of 800 
mg (Tomato Leaves) and 600 mg (the other reference 
materials) were weighed and stored in polyethylene contain- 
ers. Pieces of Au-Al wire (0.112% Au) about 1 cm in length 
were used as comparator. 

Irradiation and measurements 

All irradiations were done in the core grid of the Por- 
tuguese Research Reactor (RPI) at a thermal neutron flux 

of 1.4 x 10” n.cm-2.sec-‘. One irradiation, for 14 hr, was 
made for each sample. The gamma-ray energies used in the 
determination of each element are given in Table 1. Two 
HPGe Ortec detectors were used in the measurements: a 
coaxial [FWHM (1.33 MeV) = 1.76 lcev], and a gamma-X 
with a 1 mm copper foil interposed between the sample and 
the detector [FWHM (1.33 MeV) = 1.84 kev]. For each 
sample, three measurements were made after 1 day, 7 days 
and 4 weeks of decay time. 

All spectra were processed on a computer, by the pro- 
grams SOLANG,12 GELIAN13 and SINGCGMP.6*‘4*” 

RESULTS AND DISCUSSION 

Concentrations and detection Iimits of trace ele- 
ments in the reference materials Tomato Leaves, 

Table 1. Nuclear data’ on trace elements determined by the 
~-s~~~i~tion method (INAA) 

Nuclide y-Energy counted, 
Element measured Half-life keV 

As 76As 1.097 d 559 
Ba “‘Ba 11.8d 496 

zl 
82Br I .4708 d 698; 776; 827 

t,sa 2.228 d 528 
Ce I’S@ 32.50 d 145 
co *CO 5.271 y 1173; 1332 
CS ‘yes 2.062 y 604,7% 
Hg m’Hg 46.60 d 279 
La 1eL.a 1.6180 d 329; 816; 1596 
Na mNa 14.959 hr 1369 

86Rb 
Wb 

18.66d 1077 
60.20 d 602: 1691 

SC “SC 83.83 d 889; 1120 
se 
Sm 

‘se 
lnSrn 

119.77 d 
1.946d 

265; 401 
103 

s’Sr 64.84 d 514 
2)3Pa 27.0 d 312 

U z”NP 2.355 d 106 

TAL W-G 527 
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Table 2. Results for trace elements in NBS 1573 Tomato Leaves (ppn) 

This workb 
Reference (detection “Consensus” 

Element value limit) Relative method,1622 RNAA20J3.24 PCNAA2s*x PAA2’ valueto 

Ba 

Br 

Ce 

co 

26” 

1.6’ 

0.6’ 

HS 

La 

Na 

0.1” 

0.9 

Sb 

Sc 0.13’ 

Sm 

Sr 44.9 f 0.3 

67f 16 
(56) 

23.7 f 0.4 
(0.12) 

1.4kO.2 
(0.5) 

0.53 f 0.03 
(0.026) 

0.36 f 0.17 
(0.16) 

0.83 & 0.05 
(0.026) 

606+10 
(2) 

0.025 * 0.004 
(0.008) 

0.177 f 0.001 
(0.003) 

0.098 f 0.028 
(0.006) 
71*3 

(21) 

56.5 f 11.24 
63 f 5 

25.31 f 1.0 
22.3 f 0.1 
21.9; 19.6c 
21.9 _+ 0.2 

0.467 f 0.025 
0.4 f 0.106 

0.61 f 0.03 
0.450 + 0.080 

0.58 
0.090 + 0.008 
0.098 f 0.010 
0.346 + 0.079 
0.64 f 0.04 

0.410 
459.0 f 46.1 

522 f 13 
510*40 

460 
0.040 f 0.002 
0.073 f 0.010 
0.138 *0.007 
0.175 f 0.030 
0.208 + 0.089 
0.17 f 0.003 

0.096 

45 f 1 

57*9 
(;I=,:“” 

(n = 11) 

1.300 f 0.359 1.3 + 0.2 
1.290 f 0.050 (n = 4) 

0.525 f 0.046 
(n = 7) 

0.128 kO.118 0.81 f 0.07 0.103 f 0.022 

0.766 f 0.199 
0.810 _+ 0.040 

(n = 3) 
0.710 f 0.070 

(n = 6) 

470* 110 
(n = 19) 

0.03 f 0.004 0.036 f 0.007 
0.047 & 0.003 (n = 5) 

0.173 + 0.026 
(n = 9) 

0.086 f 0.027 0.092 f 0.016 
(n = 3) 

65.5 f 5.84’ 45.3 f 0.4 42 f 5 
(n = 12) 

‘Non-certified value; buncertainty at a significance level of LY = 0.05; “mean of values from Hoede et al.;” dn is the number 
of data considered for the calculation; erejected as an outlier by Gladney et ~1.‘~ 

Element 

Table 3. Results for trace elements in NBS 1572 Citrus Leaves (ppm) 

This workb 
Reference (detection “Consensus” 

value limit) Relative methodu3’ RN~23.rs.29 PCNAA26 valueto 

Ce 

co 

cs 

La 

Rb 

Sb 

Sc 

Sm 

Th 

0.28W 

0.02’ 

0.098” 

0.19’ 

4.84 f OLXb 

0.04’ 

0.01’ 

0.052’ 

0.407 f 0.114 
(0.16) 

0.040 f 0.0004 
(0.005) 

0.13 *0.02 
(0.047) 

0.188 f 0.007 
(0.007) 

7.2 f 0.4 
(1.6) 

0.03 1 f 0.005 
(0.017) 

0.0140 f 0.0008 
(0.003) 

0.062 f 0.005 
(0.004) 
17*5 

0.0191 f 0.0013 
0.0106 f 0.001 
0.0858 f 0.0028 
0.049 f 0.015 

5.03 f 0.29 
4.56 f 0.20 

0.00703 f 0.0003 
0.017 f 0.002 

0.392 f 0.053 0.453 
0.016 f 0.001 ‘“0 =&Y 

0.093 f 0.016 

0.203 f 0.016 

0.034 f 0.001 0.068 f 0.003 0.034 

0.0104 f 0.0005 
(n 7 3) 

0.049 f 0.004 0.050 
(u = 2) 

13.8 f 5.1 
(4) 

‘Non-certified value; buncertainty at a significance level of OT = 0.05; % indicates the number of data considered. 
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Table 4. Results for trace elements in NBS 1645 River Sediment (pptn) 

This workb 
Reference (detection “Consensus” 

value limit) RNAA-’ ENAA” pu’6 &4slO,37,38 x@O.39 V&Id0 

As 66. 65+3 62.6 f 2.1 70.8 f 0.64 
(5) 

Ce 

Cd 

74&4 

10.2 f 1.5b !z 
(1) 

Hg 1.1 f0.5b 1.0*0.2 0.949 f 0.017 
(0.5) 0.937 f 0.036 

Sb 518 32* 1 
(0.16) 

Sr 1214f66 
(99) 

U 1.11 f 0.05b 0.8kO.l I^ ^. 1.08 f 0.10 

11 7.2 f 0.4 
7.6 f 0.4 
9.6 + 0.8 
(n = 10) 

1.3 0.67 f 0.06 
1.1 *0.04 

0.96 f 0.19 
(n = 5) 

52 32.2 f 3.2 
33 + 10 
(n = 4) 

862 910 
943 f 70 
(n = 4) 

1.4 1.15 *0.19 
IU.j) (n = 7) 

70;71;72 

10.2 + 0.4 

33.6 f 2.2 29.9 + 1.5 
33.2; 36 

786 f 131 

87 68.7 f 4.1 66 (n8Z2) 
66.0 f 1.6 

(n = 6) 
28 

67 f 3 
(n = 19r 

$2) 
10.0 f 0.7 

(n = 25) 

0.99 f 0.21 
(n = 12) 

31&6 
(n = 11) 

880f90 
(n = 8) 

‘Non-certified value; buncertainty at a significance level of a = 0.05; ‘n indicates the number of data considered. 

Citrus Leaves, River Sediment and Fish Flesh, ob- 
tained by the k,-standardization method (INAA), are 
listed in Tables 2-5. Comparison is made with refer- 
ence values (when available), with published values 
obtained by other methods, and with “consensus” 
values given by Gladney et ~1.” Very few data were 
found for comparison with our results, which have 
mostly low concentrations (about 1 ppm or less). 
Most of the data used were determined by the relative 
method (INAA) and RNAA. In Fig. 1, the com- 
parison of our results with reference, “consensus”, 
and published values within f a, f2a and +3a, is 
shown. Values with no specified uncertainties and not 
clearly in agreement with our results were not taken 
into account. 

Good agreement is found with reference or “con- 
sensus” values or with values obtained by other 
techniques for all the elements, except Co, Rb (Citrus 
Leaves), and Ce (River Sediment), as shown in Fig. 
1. All our results agree quite well with the RNAA, 
ENAA, and AAS values. In general, we have ob- 
tained better agreement with RNAA than with the 
relative method (INAA). No uncertainties are as- 
signed to most of the PAA values; however, the 
concentrations obtained by PAA for As, Sb, and U 

(River Sediment) are apparently overestimated (As 
and Sb values obtained by PAA were removed for the 
calculation of “consensus” values by Gladney et 

~1.‘~). Large discrepancies are found in the values 
obtained by the different methods for Sr in NBS 1573 
(Tomato Leaves) and Sb and Sc in NBS 1572 (Citrus 
Leaves); for them no conclusion can be drawn about 
the actual values. Nevertheless, it appears that our Sr 
value for NBS 1573 is too high, while our results for 
Sb in NBS 1572 support the “consensus” value of 
Gladney et ~1.‘~ Finally, the reference values (non- 
certified) given by NBS for Ce (Citrus Leaves) and Sb 
(River Sediment) do not agree with the values ob- 
tained by the different techniques; they are too low 
and too high, respectively. However, our values for 
Ce in NBS 1572 and Sb for NBS 1645 agree with the 
“consensus” values given by Gladney et al.” 

In conclusion, 28 trace elements in the reference 
materials Tomato Leaves NBS 1573, Citrus Leaves 
NBS 1572, River Sediment NBS 1645, and Fish Flesh 
MA-A-2 (TM) were determined by the 
k,-standardization method (INAA). Most of the 
results (25) agree within f3a with reference (6) or 
“consensus” (20) values or with the values obtained 
by other methods (20). There are 3 results which do 

Table 5. Results for selenium in IAEA MA-A-2 (TM) Fish Flesh (ppm) 

This work’ 
Reference (detection Relative 

value limit) method@ RNAA” CINAA” 

1.7 f 0.3 1.35 f 0.09 1.1 *0.1 1.20*0.12 I .38 f 0.043 
(0.5) 

Wncertainty at a significance level of a = 0.05. 
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Raferrncd& Rela;~N~ead 
VOIW Value RNAA CNAA CINAA PCNAA PAA AAS XRF 

Ba 

It: 
4 Ex 
0 0 0 

CO 
2 Hg E 

a0000 

La 0 8 :::: :. 
X 

Na 
; Sb 

0 0 x 

SC iz KOX 
0 x 

Sm 0 
Sr x x x : X 

E 
0 0 

x x X 
CS 

: 
x x 

2 La 0 0 
E? Rb X x x 
2 Sb 0 l X 
z SC X a x 

Sm 0 
Th 0 

AS 
Cd : : :O O ii ::. 

in Ce X 
j Hg . 

; :: 
: l .O 

- Sb X 
2 Sr 

0 0 
0 : 0 

u x 

iE.. 0 
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Fig. 1. Comparison of results of the k,,-standardization method with reference and “consensus” values, 
and with published values determined by other methods: 0, CD, 0, within fc, f2a, and &33a, 

respectively; x , outwith f3a. 

not agree with any published values (Co and Rb in 
NBS 1572, Ce in NBS 1645). No uncertainties are 
specified for most of the non-certified values; thus no 
conclusions could be drawn from comparison with 
them. Large discrepancies are found in the literature 
for 3 elements (Sr in NBS 1573; Sb and SC in NBS 
1572). Two (non-certified) reference values (Ce in 
NBS 1572 and Sb in NBS 1645) do not agree with any 
published values. 
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Software package TAL-01189 

CONPUTER-ASSISTED MOLECULAR STRUCTURE CONSTRUCTION CCAMSC) 

Contributors: Sajid Husain, P.J. Reddy and R. Nagesuara Rao, Institute of 
Chemical Technology (RR Labs), Hyderabad 500 009, INDIA. 

Brief description: CAMSC is a computer program for the construction of 
molecular structures of compounds derived from coal or crude. It utilizes 
input data derived from NMR spectroscopy, elemental analysis and molecular 
weight data. It performs a combinatorial search of aromatic and aliphatic 
functional groups already available on a disk file. It outputs the feasible 
aromatic and aliphatic combinations as probable molecular structures. The 
original version of the program uas implemented on Sperry Univac and ND-530 
computer systems, but now a user-friendly version has been written in MS 
FORTRAN 77. The algorithm was described in 5, 1977, 3, 56. 

Potential users: Molecular 
technologists. 

spectroscopists, analytical chemists and fuel 

Fields of interest: -- Analytical chemistry, fuel chemistry. 

This application program in the field of pattern recognition has been 
developed in FORTRAN 77 for Norsk Data 530 and Sperry Univac V77-800 
computers, to run under SINTRON III and VORTEX II. It is available on 360Kb 
double density floppy disks. The memory required is 64Kb. 

Distributed by the contributors. 

The program has been fully operational for 1 year. Documentation is minimal; 
no user training is required. The contributors are available for user 
enquiries. The source code is not available. 

Software package TAL-02189 
EQCAL 

Contributor: L. Backman 

Brief descri tion: EPCAL is a package designed to calculate free metal ion 
- ---P--?n buffer solutions. EPCAL calculates equilibrium concentrat ons 
composition from the knoun concentration of the ingredients of a solution, 
by using Eriksson's free-energy minimization method. The program uas 
originally developed to calculate free calcium in EGTA or EDTA buffers of 
knoun composition. It could handle the calculations involving calcium, 
chelator, pH, ionic strength, and the presence of other ions and 
metal-binding ligands. It has now been extended to handle any equilibrium 
conditions in a single phase with up to eight components forming up to 34 
species. EQCAL is user-friendly and thoroughly documented. Data can be 
stored on disk, and a demonstration file is distributed with the program. 
Full print-out of results can be obtained. 

Potential users: Scientists of many disciplines. 

Fields of interest: -- Calculation of chemical equilibria. 

This program has been developed for the IBM PC and compatibles, to run under 
DOS 2.0 or later. It is available on 5.25 or 3.5 inch disk. The memory 
required is 256Kb. 

Distributed by BIOSOFT, 22 Hills Road, Cambridge, CB2 lJP, UK, price f99.00; 
or BIOSOFT, P.O. Box 580, Milltown, N.J. 08850, USA, price S199. 

A maths coprocessor is detected and utilized if present, but is optional. 
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Software package TAL-03/89 
BioGraf 

Contributor: BIOSOFT 

Brief description: BioGraf is a quick and easy way of producing informative 
plots and graphs. Data can quickly be entered and displayed. The features 
include easy:to-use uindous.and menus, auto-scaling bf graphs, variable 
width data classes, titles in large font, and full labelling of graphs and 
plots. PieCharts, line graphs, bar graphs, histograms, scatter plots and 
cluster plots are possible. There is a built-in data editor for creation of 
data files, or data can be imported from LOTUS-123, ENZFITTER or TADPOLE. 
Screendumps are included for all graphics adapters supported; these are 
available in four qualities from draft to quad density on Epson compatible 
printers. Axes can be labelled with data in label files. 

Potential users: Scientists of many disciplines. 

Fields of interest: -- Graph plotting. 

This program has been developed for the IBM PC/XT/AT/PSZ and compatibles, to 
run under DOS 2.0 or later. It is available on 5.25 or 3.5 inch disk. The 
memory required is 256Kb. 

Distributed by BIOSOFT, 22 Hills Road, Cambridge, CB2 IJP, UK, price f75.00; 
or BIOSOFT, P.O. Box 580, Milltoun, N.J. 08850, USA, price 5149. 

A graphics adapter is required: CGA, MCGA, EGA, VGA and Hercules adapters 
are supported. 
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-my-The metal content of a series of contaminated sediments has been determined by equilibrating 
ion-exchange resins of different types (held in porous cages) with aqueous suspensions of the sediments. 
H+-form exchangers took up high proportions of the Cu, Pb, Zn and Cd contents with recoveries 
depending on whether the acid functional groups were strong. Na+-form exchangers took up a smaller, 
loosely bound, labile fraction. The metal ions held on the exchangers were back-extracted into O.OSM 
EDTA and determined by game AAS. Dissolution of sediment components led to the exchangers also 
taking up large amounts of Ca, Mg, Fe and-Al. The exchange-resin technique provides an alternative 
means of su~i~diug the metal content of sediments into different “labile” or “available” fractions. 
PossibIe advantages include minimal t-e-adsorption of released metal ions by the sediment phases, retention 
of only “labile” species (ions or complexes), and a transfer mechanism which may resemble the action 
of plant roots more closely than chemical extractant processes do. 

The total metal content of sediments is the sum of the 
fractions present in different chemical forms or 
bonded to different sediment components. The 
fraction of greatest significance is the “biologically 
available” metal, since this controls mi~ronut~ent (or 
toxin) levels, but different views are held about the 
source of this fraction and the analytical procedures 
needed for its determination. As outlined in recent 
reviews,‘*2 the most widely used approach utilizes 
selective chemical extraction, but there is no general 
agreement about the reagents and the sequence in 
which they should be used. The links between extrac- 
tion category and “biological availability” are often 
tenuous and open to challenge. For example, some 
contend that the “available” fraction comprises 
the “water-soluble” and “ion-exchangeable” com- 
ponents; others suggest that it should also include the 
metal ions sorbed on calcium carbonate and/or on 
the hydrous oxides of iron and manganese. 

For determining the available levels of anionic 
nutrients (such as phosphate ions) in soils, equi- 
libration with anion-exchangers has been recom- 
mended,” because this process may more closely 
represent the action of root systems. A similar 
argument could apply to release of metal ions to 
cation-exchangers, but in two recent reviews only one 
example of use of a cation-exchanger6 was noted. In 
theory, exchange-resins should collect only “labile” 
forms and, by maintaining low equilibrium levels of 
metal ions in solution, should minimize any tendency 
for released ions to be re-adsorbed on other surfaces 
(a distinct problem in the chemical extraction 
methods). In addition to promoting desorption of 
surface-held ions, the presence of exchange-resins 
may promote dissociation of sparingly soluble salts. 

By variation in the nature of the functional group 
and/or counter-ion some degree of selectivity may 
also be feasible. For example, it was considered that 
strong acid cation-exchangers in the H+-form would 
simulate attack by dilute mineral acids, and weak 
acid exchanges (Le., with -CoOH functional 
groups) would resemble weak acids in their inter- 
actions. Na+-form resins should react only with the 
more readily displaced metal-ion fractions. 

Assessment of the advantages conceived has been 
hindered by the need to separate the exchange-resin 
from the sediment after ~~libration of aqueous 
suspensions of both solids. This challenge has been 
met by developing a simple technique that keeps the 
two solid phases essentially separate and this paper 
describes the results obtained when four polluted 
creek sediments and’ four estuarine samples were 
~~librat~ with ten different exchanger materials. 

EXPERIMENTAL 

Cation-exchange materials 
The commercial exchangers used are listed in Table 1 

(quoted exchange capacities varied from 1 to 4 meq/g). The 
effect of functional group type or counter-ion on the pH of 
aqueous suspensions is indicated in Table 2. Known 
amounts of resin (0.2, 0.5 or 1.0 g) were weighed into 
“cages” made from 3-cm lengths of thin rigid plastic tubing 
(- 1 cm i.d.) closed at both ends by a fine-mesh material 
held in place by plastic rings. The two polyester cloths tested 
(a chiffon and lingerie fabric) retained resin particles larger 
than 100 mesh and permitted transmission of soluble salts. 
The fabric seals released traces of Zn, Mg and Fe and up 
to I mg/l. Ca into EDTA extractant solutions (larger 
calcium blanks, e.g., IO-20 mg/l., were detected in some 
resins used “as received”). Zinc was detected only in resin 
WA1 (30 pg/g), but most resins contained Fe (XHOO pg/g) 
and Ca (Ex 2,90; Ex 150; Ex 1,300; WAl, 500, Ch 2,580 
and WA2, 880 @g/g). 
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Code 

SAl 
SA2 
WA1 
WA2 
Exl 
Ex2 
Ex3 
Chl 

Ch2 
Z 

Table 1. Cation-exchange resins 

Manufacturer’s 
name 

Amber&-IR120 
Duolite C26TR* 
Zerolit 236 
Zeocarb 216 
Duolite C26C* 
Zerolit 225 
Dowex 50 
Chelex 100 

Duolite C46* 
Zeolon 900 

Type 

Strong acid, sulphonated polystyrene 
Strong acid, sulphonated polystyrene 
Weak acid, polyacrylic acid 
Weak acid, carboxylated polymer 
Strong acid, sulphonated polystyrene 
Strong acid, sulphonated polystyrene 
Strong acid, sulphonated polystyrene 
Aminodiacetate functional groups 

polystyrene matrix 
Aminophosphonate functional groups 
Mordenite (a linear channel zeolite) 

Form 

H+ 
H+ 

,“I 

Na+ 
Na+ 
Na+ 
Na+ 

Na+ 
Na+ 

*Kindly donated by the Permutit Company of Australia, Ltd. 

Table 2. System pH in exchange-resin/sediment suspensions (0.5 g of sediment, 0.2 g of resin, 25 
ml of water) 

Strong-acid Weak-acid Na+-form Chelating 
Sediment Resin 

code absent SAl SA2 WA1 WA2 Exl Ex2 Ex3 Chl Ch2 

ES2 
ES3 
TC2 
TCl 
ES5 
ES1 
ES4 
TC3 
TC4 

6.2 2.5 2.7 4.9 6.0 7.0 6.9 7.2 
7.3 2.5 2.4 4.1 5.0 7.5 7.6 7.3 
7.6 2.8 3.0 4.6 5.3 8.4 8.6 8.6 
7.7 2.8 2.8 4.6 5.3 8.4 8.4 8.3 
7.8 5.0 - 5.3 6.5 - - - 
8.2 2.0 2.1 4.8 6.7 8.5 8.5 9.1 
8.6 7.9 6.9 5.8 6.7 94 94 
8.8 3.7 4.9 5.4 5.5 

;‘: 
9’2 9’4 

10.3 3.5 4.9 5.2 6.4 10:5 10:5 10:5 

Exchanger only 3.4 3.7 4.1 4.3 6.8 6.8 6.3 10.5 

9.0 
‘_ 
11.0 
10.6 
- 
8.9 

10.4 
11.0 
11.0 

8.2 
9.1 

10.4 
10.1 
7.8 
9.0 

10.0 
10.5 
10.5 

Table 3. Metal ion recovery from sediment samples @g/g) (200 mg of resin, 0.5 g of sample) 

Resin 

Element* Sediment SAl SA2 WA1 WA2 Exl Ex2 Ex3 Chl Ch2 

cu TCl 14 14 18 
Pb 405 355 250 
Zn 410 420 255 235 

4 4 n.d.t 6 
70 50 50 50 
30 40 50 55 

cu TC2 30 24 17 22 4 4 7 6 
Pb 300 290 220 140 30 30 30 40 
Zn 1.03 x 10’ 1.44 x 10’ 710 660 120 120 140 190 

cu 
Pb 
Zn 

cu TC4 
Pb 8: 

7 11 19 7 11 13 10 7 
650 460 255 150 110 140 180 150 

Zn 215 190 110 125 70 nd. n.d. 10 n.d. 

z 
Mn 
Mg 
Ca 

TC3 170 240 50 
500 325 115 
190 135 15 
375 400 100 

4.25 x 10’ 1.25 x 10’ 1000 

Fe TC4 850 270 250 
Al 1.70 x 103 400 225 
Mn 650 275 170 

Mg 700 250 345 

65 
150 
20 

115 
2.25 x 10) 

100 
165 
60 

180 
3.00 x 103 

TC3 7 7 
140 
285 

5 16 5 n.d. n.d. 
100 95 30 50 50 
185 205 25 25 30 

2 
30 

4 

: 

30’ 
195 

7 

z 

ca 6.50 x 10’ 9.00 x 10’ 1.40 x 10’ 

*No Cd detected in any sample. 
tNot detected. 
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Table 4. Metal ion content of creek sediments as determined by chemical extraction (pg/g) 

Mg%, 
O.OlM 0.05M 0.25M OSM 

Sediment Element Water HCl EDTA HOAc/NH,OAc HOAc 

TCl Cd n.d.* 4 2 2 2 2 
CU 2 8 5 57 36 35 
Pb 10 40 40 380 280 220 
Zn 30 250 920 770 1.21 x 10’ 1.03 x 103 
Ca 270 830 1.42 x IO3 1.55 x lo-’ 1.80 x lo’ 2.38 x lo3 

TC2 Cd n.d. 3 nd. 1 1 1 
Cu nd. 5 4 25 8 14 
Pb 10 20 25 185 105 110 
Zn 15 75 370 250 660 440 
Ca 75 325 990 810 1.34 x 103 1.85 x 103 

TC3 Cd n.d. 2 1 1 1 1 

cu 3 5 n.d. 24 4 Pb n.d. 20 15 105 95 ao5 
Zn 1 30 410 260 805 830 
Ca 140 460 1.17 x 10’ 1.23 x lo3 3.00 x 10’ 4.78 x lo’ 

TC4 Cd nd. 3 n.d. 1 1 2 
cu nd. 35 n.d. 60 6 26 
Pb 6 9 9 1.28 x 10) 1.46 x 10’ 1.09 x 103 
Zn n.d. n.d. 80 175 865 1.49 x 10’ 
Ca 740 525 1.78 x lo3 3.14 x 103 5.74 x 103 8.31 x 10’ 

*Not detected. 

Exchange equilibria 

Standard aqueous solutions containing 1, 10 or 30 mg/l. 
Cu, Pb, Cd or Zn were prepared from stock solutions 
made by dissolving appropriate weights of the metal in a 
minimum excess of nitric acid or from analytical grade salts. 

A 25.01ml aliquot of standard was transferred into a 
30-ml plastic vial, and a cage containing 200 mg of resin was 
inserted. After the aqueous phase had seeped through the 
end coverings, the vial was capped and transferred to an 
end-over-end mixer. After equilibration overnight the resin 
cage was retrieved, and allowed to drain into the vial before 
being washed with water. The aqueous phase in the vial was 
analysed by atomic-absorption spectrometry (AAS) for 
residual metal content. The washed cage was transferred to 
a fresh vial containing 25 ml of 0.05M EDTA, and the 
mixture was equilibrated overnight. The EDTA extract was 
also analyzed for metal content by AAS. 

Studies were also made with resin enclosed in fine-mesh 
bags (similar to tea bags), but these took longer to prepare 
and proved less convenient to handle. 

Sediment samples 

Two sets of contaminated sediments were investigated. 
The first group (TCl-TC4) was drawn from a local tidal 
creek into which et&rents drain from a number of small 
industries. The second group (ESl-ESS) consisted of 
samples taken from a polluted estuary and used in inter- 
laboratory comparison tests. As shown in Table 2, the 
sediments differed in pH and buffer capacity (as gauged by 
the effect of adding H+-form resins). Only one sediment had 
pH < 7, the others ranged from nearly neutral to highly 
alkaline @H 10). 

“Labile metal” exchange studies 

A 0.5-g sample of sediment was placed in a 30-ml plastic 
vial together with 25 ml of water and a resin cage containing 
a selected amount of exchanger. The vial was capped and 
the mixture equilibrated overnight in the end-over-end 
mixer. The cage was removed and allowed to drain into the 
vial and any adhering solid was rinsed off with a stream of 
water. The washed cage was then transferred into a fresh 
vial containing 25 ml of 0.05M EDTA and placed in the 
mixer overnight for extraction of sorbed cations. The EDTA 
solution was then analysed by MS for Pb, Cu, Cd, Zn, Ca, 

Mg, Mn, Fe, Al. The sediment suspension in the original 
vial was centrifuged and the supematant liquor was anal- 
ysed by AAS for the same elements. The amounts of metal 
ion extracted from the creek samples are summarized in 
Table 3, and the more extensive elemental studies made on 
the estuarine samples are listed in Table 4. Contrary to 
expectations, large amounts of matrix elements (Ca, Mg, Fe, 
Al) were released into solution or sorbed during interaction 
with the exchanger materials, and the range of values 
observed is summarized in Table 5. 

The pH of the resin/sediment suspension systems 
(measured with a Philips 9404 digital meter) was related to 
the colour of the aqueous phases. For example, with the 
estuarine samples, the aqueous phase in the presence of 
H+-resins was either colourless or pale tan; with the other 
resins @H 7-10) the predominant colours were dark tan 
to dark brown (ES1 and 2). The sensitivity of the AAS 
methods detennined the metal level detectable in the sedi- 
ments. For example, for Pb solutions the detection limit was 
-0.5 mg/l., which under the experimental conditions re- 
sulted in Pb being classified as not detected if the extractable 
content was ~25 pg/g. The corresponding limits for Cu, Zn 
and Cd were 15, 5 and 5 &g, respectively, when a Varian 
AA875 spectrometer was used, or twice as much when an 
older model (Varian AA5) was used. 

RESULTS AND DISCUSSlON 

Sorption@esorption equilibria 

The cation-exchange resins containing sulphonic 
acid functional groups (SAl , SA2, Exl , Ex2 and Ex3) 
sorbed > 98% of the metal ions (Cu, Cd, Pb or Zn) 
from the standard metal solutions tested, in a single 
equilibration. A single back-extraction into O.OSM 
EDTA retrieved ~-95% of the resin-bound metal 
ions. With relative standard deviations of about 2% 
for AAS measurements at low levels, these uptakes 
and recoveries were deemed to be nearly total and 
indicated that further study of the procedure was 
warranted. When the “resin bags” were used the 
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Table 5. Effect of weight of resin added on metal ion recovery* from estuarine sediment samples &g/g) 

Weight of Resin 
resin, 

Element 8 Sediment SAI SA2 WA1 WA2 Exl Ex2 Ex3 Chl Ch2 

Cm= 

Lead 

Zinc 

Cadmium 
Copper 

Lead 

Zinc 

Cadmium 
Copper 

Lead 

Zinc 

Copper 

Lead 

Zinc 

Cadmium 
Copper 
lead 

0.5 
1.0 
0.5 
1.0 
0.2 
0.5 
1.0 

z:: 
0:s 

(!I 
0:s 

t!! 
0.5 
1.0 

0.2 
0.5 

k(: 
0:5 

;I 
0:s 
1.0 

0.5 
1.0 

::: 
1.0 
0.2 
0.5 
1.0 

0.2 
0.2 
0.2 
0.2 

ES1 
25 
40 
50 

3;; 
410 

I5 

ii 
20 

365 
390 

35 
55 
30 
60 
75 

120 
245 

20 
35 
40 I5 

25 

22: 
230 

15 

20 

5 

irs 
175 

80 
130 
17.5 

ES2 
15 
30 
35 
40 
40 
45 

430 
445 
450 

IS 
30 
30 
35 
40 
35 

395 
490 
440 

20 

15 

5 

15 25 
20 

205 

z 

10 
15 

2 
35 
40 
65 

310 
200 
375 

95 
150 
160 

5 

- 155 
275 230 
235 280 

ES2 5 
45 
40 

100 
85 
90 

195 
365 
360 

5 
45 
55 

105 

G 

:: 
365 

5 

1.5 

:! 

2:: 
230 
250 

5 
37 
70 
55 
70 

110 
265 
295 
335 

1;: 
17.5 

5 

20 

- 
30 
20 
- 
25 

2: 
55 
40 

25 30 - 
45 65 185 
55 70 180 

ES4 50 38 
75 63 

163 
175 

3:: 
425 

163 
228 

10 
375 
525 

63 
35 

125 
113 
90 

250 
225 

88 
163 
40 

125 
225 

35 
130 
313 

25 

1: 

5 

35 
- 

: 
100 
IO0 

3: 

25 

30 
50 
60 

163 

75 
10 
25 

138 

- 

- 
- 

15 

- 

- 
- 

10 

25 

- 

- 
- 

1:: 
- 

1: 
- 

125 
175 

I63 

: 
100 
40 

100 
188 

ES5 5 

140 

- 

- 
- 

15 

950 

5 10 
55 

260 
485 650 

2; 
600 Zinc 1000 

*The absence of an entry (e.g., for Cd or with some resins) indicates level below limit of flame AAS detection; a dash (-) 
indicates that the system was not studied. 

variance was greater and it was concluded that 
movement of the resin within the cages promoted 
both the uptake and extraction steps. 

Lead was quantitatively sorbed by the weak acid 
cation-exchangers (WAl, WA2) but uptake of Cd, 
Cu and Zn was pH-sensitive (as expected) and with 
acidified standard solutions the sorptions were as tow 
as 10%. When the resin cages were used, retrieval of 
varied amounts of sorbed metal ion by EDTA was 
again > 95%. It was concluded that this type of resin 
should sorb labile metal ions quantitatively from 
alkaline sediment suspensions, but this would need to 
be tested by means of comparison studies. 

The chelating resins (Chl and Ch2) quantitatively 
(> 95%) sorbed all Cu, Cd, Pb and Zn ions from 
solution in most tests (there were occasional 80 or 
90% retrievals) but, because of the stronger bonding, 

back-extraction into EDTA solutions was far from 
complete. The resin with aminophosphonate func- 
tional groups (Ch2) released about 70% of any 
sorbed Cu and normally > 90% of sorbed Cd, Pb and 
Zn. The other chelating resin (Chl) contained the 
same type of bonding groups (~in~a~tate~ as the 
extractant and the amount of sorbed metal ion 
retrieved varied between 30 and 70%. (Part of the 
inefficiency was attributable to a loss of fine resin 
particles (100-200 mesh) through the fabric end- 
pieces). Despite the potential limitations, these che- 
lating resins were retained in the sequence used for 
sediment study, to assist in assessment of the relative 
importance of system pH and functional group type. 
The uptake/desorption behaviour of the inorganic 
exchanger material (Z) was considered to be too 
erratic, and this material was dropped from the study. 
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Tidal creek sediments 

It has been reported’ that in the presence of 
particulate matter, precipitation/sorption of metal 
ions proceeds at a lower pH than predicted from 
solubility product calculations. Accordingly, the pH 
of the creek sediments being > 7.2, the levels of metal 
ion in equilibrium with the aqueous suspensions 
should be lower than the AAS detection limits, and 
transfer of metal ion to an exchanger should involve 
processes such as dissolution of a hydroxo-species 
(through lowering of the system pH), dissolution of 
a sparingly soluble compound (e.g., a metal carbon- 
ate), release of anion from a complex (e.g., from a 
metal humate) or displacement of a sorbed hydrated 
ion. 

No cadmium was detected in the test solutions but, 
as shown in Table 3, varying amounts of copper, lead 
and zinc were displaced from the creek sediments by 
the various exchange-resins. The results could be 
divided into two clear groups involving (i) the 
Na+-form resins, and (ii) the H+-form resins (with a 
subdivision for lead and zinc, in between strong and 
weak acid functional groups). The limited retrieval 
with EDTA of metal sorbed on chelating resins 
(found in the standard solution tests) was not very 
evident in the sediment experiments and the values 
obtained for sorption with Chl and Ch2 tended to be 
similar to those obtained with the Na+-form strong 
acid exchangers (Exl-3). 

The results obtained for the Na+-form exchanger 
group are considered to represent a reasonable esti- 
mate of the labile content which may reside on 
ion-exchange sites or be loosely sorbed on the surface 
of sediment components. The higher values obtained 
with the H+-form exchangers are attributed to release 
of an additional fraction by proton attack, e.g., of 
metal ions present as carbonates (released by weak 
acid functional groups in WA1 and WA2) or hydrous 
oxides (dissolved at the lower pH generated by SAl 
and SA2). Both these processes were complemented 
by partial attack on other sediment (matrix) com- 
ponents, e.g., CaCO,, as shown by the Ca, Fe, Al, 
and Mg results in Table 3. The lower pH may also 
have assisted in dissociation of non-labile complexes 
such as metal humates. 

Variations observed within the results obtained 
with a given category of resin type or in replicate 
studies has been attributed to inhomogeneity of the 
sediment samples, and the sensitivity of the sediment 
component dissolution processes to small changes in 
system pH. 

Judging by the results obtained in the standard 
solution equilibrium studies, all the results for heavy 
metal quoted in Table 3 could be 510% low (because 
of sorption and extraction not necessarily being 
quantitative). Acceptance of the values listed also 
assumes that metal ion uptake was not interfered 
with by dissolution of sediment components causing 
cation competition for sites. The values quoted for 
Ca, Fe, Al, Mn and Mg have qualitative value only, 

since neither uptake by the resin nor release by 
EDTA was quantitative. 

The sediments were also examined by extraction 
with a series of chemical reagent solutions (Table 4) 
and comparison with the resin studies (Table 3) 
shows that the ion-exchange recoveries obtained with 
Na+-form resins occasionally matched the amounts 
displaced from the sediments by reagents such as 1M 
magnesium chloride (often classified as the “ion- 
exchangeable fraction”) or 0.01 M hydrochloric acid 
(e.g., Cu and Pb from TCl and TC2; Cu and Zn from 
TC3). In other cases the Na+-resin yielded either 
higher values than these two chemical extractants did 
(e.g., Pb for TCl, 2 and 4 and Zn from TC2) or lower 
(Zn from TCl). This lack of regular correlation also 
occurred with the H+-form exchangers. For example, 
sometimes the resin uptake matched the EDTA ex- 
tract value (e.g., Cu from TC2, Pb from TCl); in 
other cases the resin values were lower than those 
obtained with either acetic acid or EDTA (e.g., Cu 
from TC 1,3 and 4, Pb from TC4 and Zn from TCl ,3 
and 4). In other systems, (e.g., Pb and Zn from TC2) 
the strong acid (H+-form) exchangers retrieved more 
metal ion than the chemical extractant solutions did. 

The diversity of results obtained confirms that the 
exchange-resin values (i.e., those corresponding to 
the labile fractions) do not necessarily match any 
value obtained in extraction with chemical solutions. 
Both approaches are prone to error and it appears 
that the value found with any particular exchange- 
resin or chemical extractant may depend on the 
chemical form of the species to be extracted. In most 
of the systems studied the amount of metal ion 
dissolved by EDTA solutions was less than that 
released by acetic acid solutions, which suggests that 
the metal ion release involves the protons as well as 
ligand groups. In routine sediment studies, both 
EDTA and O.OlM hydrochloric acid have been used 
to assess the contributions of human activities to 
total metal contents, but in this study these two 
reagents yield greatly divergent answers. Dilute 
hydrochloric acid was no more effective than 
magnesium chloride solution in displacing copper 
and lead from the sediments, but it desorbed more 
zinc than the latter solution or EDTA did. 

The amount of cadmium present in the sediments 
was below the analytical detection limit and the level 
of displaceable copper was not much higher than the 
detection limit for this element. The studies with 
resins thus did not clearly indicate any relationship 
of functional group to apparent lability of copper, 
but for lead and zinc the lower acid strength of the 
-COOH type resins resulted in less displacement of 
sorbed metal ion and/or dissolution of sparingly 
soluble compounds (such as carbonates). Caution is 
obviously required in interpreting any approach to 
“fractionation” of sediment metal contents. 

Estuarine sediments 

The “labile metal” levels found in the five estuarine 
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Table 6. Dissolution of sediment components in aqueous resin suspensions (0.5 g of sediment, 25 
ml of water, 0.2-1.0 g of resin) 

Element 

Aqueous levels*, Sorbed by resins, 
mgll. mglg 

Sediment SA WA Na+-form SA WA Na+-form 

Calcium ESl, 3, 5 3-215 116-238 6-82 OS-17 
2, 4 O&l 12-73 O-l.2 0.1-10 

Maanesium ESl. 3 O-42 17-46 O-7 0.2-1.6 
2, 4 O-5 8-47 O-l.5 0.1-l 

Iron ESl, 5 6-21 I-64 9-26 0.2-9 
2, 3, 4 1-14 l-11 O-30 0.1-10 

Aluminium ESl, 2, 3 l-8 O-7 @66t 0.03-4 
4, 5 O-3 O-4 l-57? 0.06-2 

Zinc ES14 O-l O-3 O-2 0.02-0.5 

*Multiplication of mg/l. by 0.05 yields mg released per g of sediment. 
tHigh values using chelating resins, pH 10-l 1. 

2.5-92 0.7-53 
0.8-24 0.2-5 
0.1-2.5 0.2-0.7 
0.2-I .2 0.2-2 
0.3-1.2 0.4-6 
0.1-3.4 

0.04-1.1 
0.05-l O-O.6 
0.03-0.4 O-O.3 

0.1-0.5 
O-O.1 

sediment samples are summarized in Table 5 and the 
distribution of values is more erratic and less readily 
categorized than for the tidal creek results. Diverse 
reasons can be proposed for the scatter of results. 

The cadmium levels in all these sediments (and 
the copper contents of several) were relatively low 
and close to the detection limit obtainable with the 
AAS instrument in use at the time, and this led to 
values below 5 pg/g for Cd or 15 pg/g for Cu being 
recorded as “not detected”. With the relatively low 
level of metal ion present in these samples the affinity 
between metal ion and exchanger needed to be very 
high if competition from other cations (e.g., those 
released during matrix attack) was to be negligible. 
This appeared to be the case for Cu, Pb and Cd, 
since these ions were not detected in the aqueous 
phase left after equilibration with the resins. Low 
levels (~3 mg/l.) of Zn were detected in some 
solutions (Table 6), but these could be attributed to 
non-labile species. However, when the amount of 
exchanger added was increased from 0.2 to 0.5 or 1 .O 
g, the total amount of metal taken up by the ex- 
changer increased, although the difference between 
the values obtained with 0.5 and 1.0 g of resin was 
small in a significant number of cases. The enhanced 
sorption and recovery obtainable with the chelating 
resins led to values which tended to match those 
obtained with weak-acid resins rather than the 
Na+-form sulphonate resins. 

It was concluded that the amount of resin added 
should at least equal the weight of sediment, but 
it was recognized that factors other than the 
introduction of more exchange sites were probably 
responsible for the greater degree of metal ion 
transfer. For example, adding more resin alters the 
equilibrium pH and this can favour dissolution 
processes. Similar types of exchanger do not 
necessarily lead to the same equilibrium pH. For 
example, reference to Table 2 shows that with WA1 
the final pH was l-2 less than that with WA2. Even 
with strong-acid H+-form exchangers, marked pH 
differences were observed with samples ESl, ES2 and 
TC4. This effect arises, in part, from differences in 

sediment buffer capacity caused by variations in the 
amounts and nature of the solid buffers involved. 

The variation in metal contents found by using 
weak-acid exchanger/aqueous sediment suspension 
systems has been attributed to enhanced dissolution 
of metal humates at higher pH, followed by preferen- 
tial sorption of the metal as humate and other 
complexes. (A distinguishing feature of R-COOH 
type resins is their ability to exchange ions with the 
salts of weak acids). Release of ions from complexes 
of this nature could also be responsible for the 
relatively high recovery values achieved by using 
chelating resins (system pH N 10). 

It would appear that the surface of these estuarine 
sediments holds very little exchangeable (electro- 
statically attracted) or loosely sorbed copper or lead; 
this conclusion is consistent with chemical extraction 
studies.* Weakly held zinc, however, was a clearly 
definable category and with sediment ES2 was about 
a third of the amount detected in acid media. 

As noted earlier, of the heavy metals considered, 
only zinc was detected in the aqueous phase after 
equilibration with the resin exchangers. The solution 
values varied randomly, with no obvious link to. 
type of resin used or weight added. The zinc detected 
in solution may have arisen from uptake on the 
resin being incomplete because of competition from 
other cations in solution, but it may also imply 
that non-labile zinc species exist in solution (e.g., 
organo-complexes or ion-pairs) or indicate release 
of colloidal sparingly soluble zinc compounds (e.g., 
basic carbonate). 

The total zinc contents of samples ESl-EM are 
reported* to be 400, 560, 600 and 900 rg/g, re- 
spectively, and the percentage of this content sorbed 
by 1 g of H+ form sulphonated resin ranged from 
100% (ESl) to 5540% (ES3 and ES4), with little 
zinc detected in solution. The levels of counter-ions 
were greatest in acid solutions, and the lack of 
residual zinc in such solutions indicates that com- 
petition for exchanger sites was not the dominant 
cause of residual zinc in the aqueous phase. It also 
suggests that any non-labile complexes present were 
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dissociated at low pH. Alternatively, it can be pro- 
posed that colloidal matter dissolved under these 
conditions. Uptake by Na+-form sulphonated resins 
accounted for between 5% (ESl) and 30% (ES2 and 
ES3) of the total zinc content of the sediment, with 
another 10% being released into the aqueous phase 
(in non-labile form). 

The amount of Pb displaced by 1 g of H+-form 
exchangers ranged from half (ESl) to two-thirds (ES2 
and ES3) of the total content, increasing to -90% 
for sediment ES4. (The total Pb contents of ESl-ES4 
were 90, 60, 170 and 270 pg/g, respectively). The 
values obtained with H+-form exchangers were 
somewhat similar to recoveries observed’ when the 
sediments were extracted with 1M ammonium 
acetate. The amount of lead (if any) sorbed by 
the Na+-form sulphonated resins was below the 
detection limit, which is consistent with the inability 
of solutions such as 1M sodium acetate, magnesium 
chloride, ammonium nitrate or sodium chloride to 
release lead from the sediment samples. In other 
words, lead was present either as chemisorbed ions or 
as a sparingly soluble compound (e.g., PbCO,). 

The total copper contents of the four sediments 
used have been reported* to be 40 pg/g (ESl, ES2 and 
ES4) or 70 pg/g (ES3). As shown in Table 5, Cu 
recovery values for ES4 were as high as 160 pg/g, 
which implies an error in the original analysis or 
an undetected blank in the analytical procedure. 
Blank tests, and results obtained for other sediments, 
suggested elimination of the second explanation. 
In studies involving sediments ESl-ES3 recoveries 
of copper (with 0.5 or 1 g of resin) were quite variable 
and ranged in magnitude from nearly total recovery 
(exchangers WAl, Chl, Ch2) to “none detected” 
(exchangers Exl, Ex2, Ex3). The strong-acid 
exchangers (SAl, SA2) displaced 6040% of the 
total copper content. The results obtained with the 
H+-form resins suggest that most of the copper in the 
sediment was present as acid-soluble species, but 
explanation of the results obtained with the chelating 
resins would require copper also to be released at pH 
10 (presumably from complexes with organic matter). 
At low pH the aqueous phases were almost 
colourless, which implies destruction of soluble 
organic matter (unlikely) or dissolution of colloidal 
or hydrolysed iron species. The high levels of 
aluminium in solution, together with relatively low 
uptakes of aluminium by the exchangers, suggest that 
this element was released from the sediments mainly 
in the form of colloidal hydrolysed species or as 
tetrahydroxoahnninate at pH 11 (chelating resins). 
The iron and aluminium levels in solution were 
greatest in the systems with pH > 6 (cf: Tables 6 and 
2), whereas the levels of calcium and magnesium in 
solution were greatest in low pH systems. 

It was predicted that adding more exchanger 
material would result in greater uptake of major 
component elements (owing to more sites being 
available) but this trend was observed with only a 

few resins and even then not with all elements 
studied. In general, the effect of different resin 
weights was irregular. There were many examples of 
uptake declining with increasing exchanger addition, 
or of maximum recovery occurring at intermediate 
weights of resin. These random variations are 
believed to be due to competition between cationic 
species, limited retrieval in the EDTA extraction step 
and pH effects on the nature or character of released 
solution species. Some resin phases were subjected to 
a second EDTA extraction, which retrieved a little 
more of the metal ion of interest (N 5% of that found 
in the first extract) and large amounts of the major 
matrix elements. 

CONCLUSIONS 

A major objective in this investigation was to 
evaluate the feasibility of basing a procedure for 
sediment analysis on sorption of metal ions by 
different types of exchanger materials. It has been 
concluded that this approach is workable and pro- 
vides information that differs from that yielded by 
direct chemical attack, because it measures “labile” 
fractions. 

Some refinement will be necessary before genera1 
application can be advocated. For example, it would 
be desirable to select a preferred series of exchangers 
(e.g., polystyrene matrix with -SO,H, SOrNa, 
-COOH and -COONa functional groups) and to 
optimize the back-extraction process. The 0.05M 
EDTA solution worked well, but other ligand 
solutions may be equally effective and allow use 
of more sensitive analytical techniques (e.g., anodic 
stripping voltammetry or plasma spectrometry) when 
only low levels of metal ion are present. 

More needs to be learned about the influence of 
released major-component cations (Ca, Mg, Fe, Al) 
on uptake and recovery values (e.g., whether a second 
EDTA extraction is needed) and the difference be- 
tween “labile” values and data obtained by chemical 
extraction should be better understood. Mode1 studies 
have been undertaken to help clarify this aspect, and 
the results will be described in a further paper. 

Even with refinements, the ion-exchange procedure 
will have some limitations (e.g., longer analysis time, 
need to separate exchanger from sediment, occasional 
erratic results), but it should be emphasized that all 
existing fractionation or speciation procedures have 
1imitations.‘*2 The diversity of approaches to chemical 
extraction can be gauged by perusal of the reviews or 
by considering a few of the published fractionation 
procedures.e’4 
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Summar-A method for determining -0.5 &g or more of cobalt, nickel and lead and -3 rg/g or more 
of bismuth and iridium in ores, soils and related materials is described. After sample decomposition and 
dissolution of the salts in dilute hydrochloric-tartaric acid solution, iron(W) is reduced with ascorbic acid 
and the resultant iron(R) is complexed with ammonium fluoride. Cobalt, nickel, lead, bismuth and indium 
are subsequently separated from iron, aluminium, zinc and other matrix elements by a triple chloroform 
extraction of their xanthate complexes at pH 2.00 f 0.05. After the removal of chloroform by evaporation 
and the destruction of the xanthates with nitric and perchloric acids, the solution is evaporated to dryness 
and the individual elements are ultimately determined in a 20% v/v hydrochloric acid medium containing 
1000 pg/ml potassium by atomic-absorption spectrometry with an air-acetylene flame. Co-extraction of 
arsenic and antimony is avoided by volatilizing them as the bromides during the decomposition step. Small 
amounts of co-extracted molybdenum, iron and copper do not interfere. 

CANMET’s Canadian Certified Reference Materials 
Project (CCRMP) is currently involved in the 
certification of four mill tailings, RTS-1 to RTS4, 
containing predominantly iron (as pyrite or pyr- 
rhotite), silica and aluminium, for many different 
elements at levels from 10e4 to about l%, including 
cobalt, nickel, lead, bismuth and indium. From pre- 
vious work involving a study of the chloroform 
extraction of 32 elements as ethyl xanthate complexes 
from hydrochloric acid media,’ it was considered that 
the group extraction of these and possibly other 
elements from a slightly acidic medium @H > l), in 
the presence of a suitable complexing agent for iron, 
might provide a relatively rapid and reliable flame 
atomic-absorption spectrometric (AAS) method for 
the determination of these elements in these and other 
materials. 

In the proposed method cobalt, nickel, lead, bis- 
muth and indium are separated from iron and other 
matrix elements by a triple chloroform extraction of 
their xanthates at pH 2 in the presence of ascorbic 
acid and ammonium fluoride as reductant and com- 
plexing agent for iron, respectively. They are ulti- 
mately determined in a 20% v/v hydrochloric acid 
medium containing 1000 pg/ml of potassium by AAS 
in an air-acetylene flame. The method is not applic- 
able to samples of high copper content. 

Crown Copyright Reserved. 

Apparatus 
EXPERIMENTAL 

A Varian SpectrAA- atomic-absorption spectrometer, 
equipped with a single-slot IO-cm air-acetylene burner, was 
used for all atomic-absorption measurements and the oper- 
ating conditions were those recommended by the manu- 
facturers. Hollow-cathode lamps and the most sensitive 
resonance lines were used for all the elements determined. 
Lead, cobalt and nickel were determined by using the 
concentration mode after calibration of the instrument with 
five calibration solutions. Bismuth and indium were deter- 
mined with lo- and lo- or lOO-fold scale expansion, re- 
spectively. Integration times of 1 or 2 set were employed, 
depending on the volume of sample solution. 

Teflon FEP (fluorinated ethylene propylene) separating 
funnels, 125-ml pear-shaped type with screw closures, were 
used. 

Reagents 
Standard cobalt, nickel, lead, bismuth and indium solution, 

each loo0 pgcglmf. Dissolve the pure metals (a mixture of 
05000 g of each) by heating gently with -80 ml of 50% v/v 
nitric acid. Cool and dilute the solution accurately to 500 ml 
with water. Prepare a working “100 pg/ml” solution (each 
component 100 rg/rnl) fresh as required by diluting 10 ml 
of this stock solution (plus 2 ml of concentrated nitric acid) 
accurately to 100 ml with water. 

Potassium solution, lOmg/ml. Dissolve 19.0 g of potassium 
chloride in water and dilute to 1 litre. 

Bromine solution, 20% v/v in carbon tetrachloride. 
Tartaric acid solution, 20%. Store in a plastic bottle. 
Ammoniumjluoride solution, 20%. Store in a plastic bottle. 
Potassium ethyl xanthate solution, 20%. Prepare fresh as 

required. 
Silica-free ammonia solution. Place a plastic beaker con- 

taining -250 ml of water on a rack in a small desiccator 
containing ~250 ml of concentrated ammonia solution. 
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Keep the desiccator tightly closed for N 24 hr, then transfer 
the solution in the beaker to a plastic bottle. 

Phenolphthalein solution, 0.2% in ethanol. 
Su@huric acid, 50% v/v. 
Chloroform. Analytical-reagent grade. 
Doubly demineralized water was used throughout and all 

acids employed were analytical-reagent grade. 

Calibration solutions 

Prepare I-, 2-, 3-, 4-, 5- and 6-pg/ml cobalt, nickel, lead, 
bismuth and indium solutions by adding the corresponding 
volumes of the mixed “100-pg/ml” working standard solu- 
tion to IOO-ml standard flasks. Add 20 ml of concentrated 
hydrochloric acid (Note 1) and 10 ml of IO-mg/ml potas- 
sium solution to each flask, then dilute to -90 ml with 
water. Cool the solutions to room temperature and dilute to 
volume with water. Prepare a blank calibration solution in 
a similar manner. These solutions should be prepared afresh 
every two weeks. 

Procedure 
Transfer up to 1 g of powdered sample, containing not 

more than a total of N 5 mg of cobalt, nickel, lead, bismuth, 
indium and copper, to a 250-ml Teflon beaker (Note 2). 
Cover the beaker with a Teflon cover, add -5 ml each of 
water and 20% bromine solution in carbon tetrachloride 
and 10 ml of concentrated nitric acid. Mix, and allow the 
solution to stand for _ IS min, then heat gently to remove 
the bromine and carbon tetrachloride. Cool, add 10 ml each 
of concentrated perchloric and hydrochloric acids and heat 
until the evolution of oxides of nitrogen ceases. Cool, 
remove the cover, wash down the sides of the beaker with 
water, add 10 ml of concentrated hydrofluoric acid and 
carefully evaporate the solution to fumes of perchloric acid. 
Cool, wash down the sides of the beaker with water again, 
then add 5 ml of concentrated hydrobromic acid (Note 3) 
and carefully evaporate the solution to N 3 ml. Cool, add 10 
ml each of concentrated hydrochloric acid and 20% tartaric 
acid solution and 15 ml of water. Cover and heat the 
solution to the boiling point, boil it gently for about 10 min 
to dissolve lead sulphate (Note 4), then cool it to room 
temperature. Run a blank through the whole procedure. 

Add 3 g of ascorbic acid to the resulting solution, mix to 
dissolve the salt, then add 5 ml of 20% ammonium fluoride 
solution and mix thoroughly. Using a pH-meter, adjust the 
pH to between _ 1.2 and 1.4 (Note 5) with concentrated 
(not silica-free) ammonia solution, then cool the solution to 
room temperature in a water-bath. Adjust the pH to 
2.00 f 0.05 with concentrated ammonia solution and con- 
centrated hydrochloric acid, if required, then if necessary 
(Note 6), tilter (Whatman No. 541 paper) the solution into 
a 125~ml plastic separating funnel and wash the beaker and 
the paper three times each with small portions of water. 
Discard the paper. Add 10 ml of chloroform and 2 ml of 
freshly prepared 20% potassium ethyl xanthate solution 
(Note 7) and shake the solution for 2 min. Allow the layers 
to separate, then drain the extract into a 150-ml beaker 
containing _ 5 ml of water (Note 8). Repeat the extraction 
but with 1 ml of xanthate solution, and for a third time 
bv shakina for 1 min with 5 ml of chloroform and 0.5 ml 
of xantha& solution. Wash the aqueous phase by shaking 
it for -30 set with 5 ml of chloroform and combine all 
chloroform phases. 

Add 5 ml of concentrated nitric acid to the combined 
extracts and heat the resulting mixture in a hot-water bath 
to remove the chloroform. Add 1 ml of 50% sulphuric acid 
and 2 ml of concentrated perchloric acid, cover the beaker, 
evaporate the solution to m 5 ml, then remove the cover and, 
without baking, evaporate the solution to dryness. Cool, 
wash down the sides of the beaker with water and evaporate 
the solution to dryness again to ensure the complete removal 
of sulphuric acid. Cool, add u 3 ml of water and heat gently 

to dissolve the soluble salts. Cool, add 1 ml of silica-free 
ammonia solution and 1 or 2 drops of 0.2% phenolphtha- 
lein solution, mix and allow the solution to stand for _ 10 
min to dissolve cobalt oxides, then heat gently until the 
solution is colourless. Add 2 ml of concentrated hydro- 
chloric acid to the beaker containing the blank, then, 
depending on the expected content of the elements to be 
determined, add sufficient concentrated hydrochloric acid to 
the sample solution for the fmal solution to be 20% v/v 
in hydrochloric acid (Note 9). Cover the beakers and heat 
the solutions to the boiling point, then, if necessary, add 
sufficient water to make the hydrochloric acid concentration 
_ 50% v/v and boil the solutions gently for _ 5 min (Note 
10) to ensure the dissolution of lead sulphate. Transfer the 
blank solution to a IO-ml standard flask containing 1 ml of 
IO-mg/ml potassium solution. Transfer the sample solution 
to a standard flask of appropriate size (l&100 ml) contain- 
ing sufficient potassium solution for the final potassium 
concentration to be 1 mg/ml (Note 9). Cool the solutions to 
room temperature in a water-bath (Note ll), dilute to 
volume with water and mix. 

Using the conditions described under Apparatus, deter- 
mine the concentrations of cobalt, nickel, lead, bismuth and 
indium at 240.7, 232.0, 217.0, 223.1 and 303.9 nm, re- 
spectively, by spraying the sample and blank solutions into 
an appropriately adjusted air-acetylene flame. If dilution of 
the solution is necessary, add sufficient concentrated hydro- 
chloric acid and IO-mg/ml potassium solution to the aliquot 
taken, for the final concentrations of acid and potassium to 
be 20% v/v and 1 mg/ml, respectively (Note 12). Calculate 
the content of each element (in pg) and correct the results 
obtained by subtracting the blanks. 

Notes 
1. If indium is to be determined, relatively exact additions 

(graduated pipette) of concentrated hydrochloric acid are 
necessary because of the severe depressive effect of this acid 
on indium absorption in an air-acetylene game (Note 1O).2 

2. If lead is to be determined, the beakers should be 
metreated with hot -50% hydrochloric acid followed by 
ihorough washing with water, to prevent contamination. 

3. Hydrobromic acid can be omitted if the arsenic and 
antimony contents of the sample are low. 

4. The boiling step should not be prolonged unduly 
because lead may not remain in solution if too much 
hydrochloric acid is lost by evaporation. 

5. A preliminary neutralization step is necessary to neu- 
tralize most of the excess of acid, followed by cooling of the 
solution to room temperature before the final pH adjust- 
ment to 2.00 f 0.05. Although the initial pH of the sample 
solution was _ 1.5 in this work, as indicated by a general 
purpose glass combination electrode with thallium amalgam 
internal elements, this decreased to -1 or lower on the 
addition of concentrated ammonia solution and then in- 
creased on further addition. About 5-6 ml of concentrated 
ammonia solution are required for the preliminary neutral- 
ization to pH 1.2-1.4. This “apparent” pH, as measured in 
the hot solution produced during neutralization, should not 
be allowed to exceed N 1.4 if this electrode combination is 
used because, under these conditions, the actual pH of the 
solution after cooling to room temperature is in the range 
_ 1.5-l .9. Presumably this difference in pH is caused by the 
temperature coefficient of the electrode system. This would 
account for the decrease in pH to _ 1 or lower during the 
initial addition of the ammonia solution because the rate of 
heating during neutralization would decrease as the amount 
of free unneutralized hydrochloric acid progressively de- 
creases. The rate would be maximal at the beginning of the 
neutralization step and would result in a rapid increase in 
temperature and consequent decrease in apparent pH. How- 
ever, as more ammonia solution is added the temperature 
would decrease with a subsequent increase in apparent pH 
because of the addition of the cold solution and because of 
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the relatively high heat of solution of ammonia in water, 
which results in a decrease in temperature if any ammonia 
is volatilired from the solution. The addition of too much 
ammonia solution during the neutralization step should be 
avoided because low results may be obtained for lead, cobalt 
and indium if the initial pH of the cooled solution, before 
readjustment to 2.00 f 0.05, is much greater than 2. This is 
probably caused by the formation of relatively inert hydrox- 
ides or other species that do not readily react with xanthate 
or redissolve when the pH is adjusted back to 2 with dilute 
or concentrated hydrochloric acid. A silver/silver chloride 
electrode should not be used for pH measurement because 
it gives erroneous values in the presence of tluorides. The 
temperature effect noted should be checked for the electrode 
system in use. 

6. Because filtration of the solution can be very slow in 
the presence of gelatinous calcium and magnesium fluorides 
it is not recommended unless a relatively large amount of 
insoluble material is present. Small amounts of residue and 
these fluorides usually remain above the chloroform phase 
and do not interfen: with the extraction step. 

7. Because of the rapid decomposition of xanthate in 
a&iii solutions, xanthate solution should only be added to 
two solutions at a time, then the complex should be 
extracted immediately. For health and safety reasons, all 
operations involving xanthate should be performed in a 
fume-hood, and an automatic pipette or one equipped with 
a suction bulb should be used for dispensing the solution. 
The aqueous phase after extraction and any remaining 
xanthate solution should be treated with concentrated nitric 
acid and boiled vigorously to destroy the xanthate before 
disposal of the solution.3 

8. The water covers the extract and helps to reduce the 
unpleasant xanthate odour. The extract may be quite brown 
because of co-extracted iron. 

9. For final sample solution volumes of 10,25,50 and 100 
ml, add 2, 5, 10 and 20 ml mote 1) of concentrated 
hydr~~o~c acid, respectively. The corresponding volumes 
of potassium solution to be added to the flasks in the 
subsequent part of the procedure are 1, 2.5, 5 and 10 ml, 
respectively. 

10. If indium is to be determined, the boiling step should 
not be prolonged because hydr~~o~c acid will be lost by 
evaporation. This causes high results for indium because the 
hydrochloric acid concentration in the sample solution will 
then be lower than that in the calibration solutions, resulting 
in less depression of the indium signal (Note l).* 

1 I. The solution should preferably be analysed the same 
day, particularly if it has been diluted to a small volume 
such as 10 or 25 ml, because a precipitate may appear on 
standing. 

12. The additional potassium solution and concentrated 
hy~~hlo~c acid required for some dilutions am as follows: 
I ml of sample solution diluted to 10 ml requires 1.8 ml of 
concentrated hydrochloric acid and 0.9 ml of potassium 
solution: 2 ml/25 ml reauires 4.6 and 2.3 ml; 5 ml/25 ml 
requires’4 and’2 ml; and-10 ml/25 ml requires 3 and 1.5 ml, 
respectively. For 01 lOO-fold or greater dilutions, the small 
amounts of potassium and hydrochloric acid in the aliquots 
taken do not need to be considered. Because of the heat 
generated on the addition of the acid, the solutions must be 
cooled to room temperature before analysis. 

RESULTS AND DISCUSSION 

Separation of cobalt, nickel, lead, bismuth and indium 
by extraction as xanthate~ 

Previous work showed that bismuth, indium and 
molybdenum can be quantitatively extracted into 
chloroform as xanthates in three extractions from 

0.1 M (pH N 1) hydrochloric acid, that cobalt and 
nickel are -98% extracted, and that lead and cad- 
mium are -95 and -84% extracted, respectively.* 
Because the co-extraction of iron(B) is considerably 
less than that of iron(III) under these conditions, 
p~limina~ tests to determine the effect of pH on the 
extraction of these elements, and on the co-extraction 
of iron at the 600-mg level, were done in the presence 
of ascorbic acid and ammonium fluoride as reductant 
and complexing agent for iron, respectively. These 
tests showed that the co-extraction of iron increases 
with pH and that it is strongly co-extracted at pH 2 4 
and still considerably co-extracted at pH *I 3. At the 
SO-pg level and in the pH range -1.5-3, bismuth 
and indium were completely extracted at pH 2 1.5 
and 32, respectively, and lead, cobalt and nickel 
were completely extracted at pH 3 1.8. Molybdenum 
and cadmium were only partly extracted ( G 20% and 
~g-quantities, respectively) under these conditions. 
Consequently, they were not considered in this work. 
Extraction at pH 2.00 f 0.05 was chosen for further 
work to minimize the co-extraction of iron. At this 
pH up to -6 mg of iron are co-extracted at the 
600-mg level. Copper also reacts with xanthate under 
these conditions to form a yellow complex which is 
not appreciably soluble in chloroform but is largely 
retained in the chloroform layer during extraction. 
Thiourea is ineffective as a complexing agent for 
copper under these conditions. A relatively large 
excess of xanthate is required for the extraction 
step to ensure that cobalt and nickel, if present in 
appreciable amounts, are completely extracted. The 
recommended amount of xanthate is sufficient for 
the extraction of up to a total amount of -5 mg of 
the elements under consideration, including copper. 

Treatment of the extracts 

In preliminary tests in which the extracts, after 
treatment with nitric acid and the removal of chloro- 
form by evaporation, were evaporated to dryness in 
the presence of sulphuric and perchloric acids as 
described in the proposed method, only -9O-95% 
recovery was obtained for small amounts (< 100 ,eg) 
of cobalt when the salts were dissolved in hot concen- 
trated or 50% hydrochloric acid. This was ultimately 
considered to be caused by the formation of CqO,, 
which is relatively insoluble in water and hydro- 
chloric acid. Complete recovery of cobalt was ob- 
tained when the soluble salts were first dissolved in a 
few ml of water, followed by treatment of the solution 
with ammonia solution to dissolve the insoluble 
cobalt oxide. The use of silica-free ammonia solution 
is recommended because the commercial solution 
contained in glass bottles contains so much dissolved 
silica that it precipitates in the sample solution on 
standing. A 20% v/v hydrochloric acid medium was 
chosen for AAS work to keep lead and bismuth in 
solution, and 1000 pg of potassium per ml was added 
as an ionization suppressant. 
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Efect of diverse ions 

At the pH used for the extraction of cobalt, nickel, 
lead, bismuth and indium, the only other elements, 
except for copper and molybdenum as mentioned 
earlier, that might be expected to be co-extracted to 
any significant extent in the presence of fluoride are 
gallium(III), thallium(III), silver, gold(III), platinum 
(IV) and palladium(I1). However, these elements were 
not investigated because the amounts present in most 
ores and related materials, relative to the elements 
under consideration, would not be expected to inter- 
fere in the extraction or to cause significant error in 
the determination by AAS. Selenium and tellurium, 
which would be present in their sexivalent states after 
sample decomposition, are reduced to the quad- 
rivalent state during the dissolution of the salts in 
dilute hydrochloric-tartaric acid solution, then re- 
duced to the elemental state with ascorbic acid before 
the extraction step. Neither tin nor vanadium is 
co-extracted in the presence of fluoride, and arsenic 
and antimony, which would also be present in their 
highest oxidation states after sample decomposition, 
would probably not be significantly co-extracted. 
However, large amounts of arsenic and antimony as 
well as tin can readily be removed by volatilization 
as the bromide during the decomposition step. The 
proposed method is not applicable to samples con- 
taining large amounts of copper and molybdenum. 

Applications 

Table 1 shows that the mean values obtained for 
cobalt, nickel, lead, bismuth and indium in various 
diverse CCRMP, National Research Council Canada 
(NRCC) and National Bureau of Standards (NBS) 
reference materials are, in most cases, in reasonably 
good agreement with the certified values, with the 
consensus mean or other values obtained during 
interlaboratory certification programmes, or with 
values obtained by other methods. The results ob- 
tained for cobalt, nickel and lead in the CCRMP soil 
samples, SO-1 to SO-4, are slightly lower than the 
certified values but, in most cases, still within the 95% 
confidence limits or close to the lower limit. The 
results obtained for these elements in the NRCC 
marine sediments, MESS- 1 and BCSS-1, and in the 
NBS coal fly ash, 1633a, are in excellent agreement 

with the certified values, which suggests that the 
certified values for the soil samples may in some cases 
be slightly high. Similarly, although the mean result 
obtained for cobalt in SU-la is lower than the 
certified value, those obtained concurrently for SU- 1, 
which is of similar composition, and for UM-1 also 
suggest that the certified value for cobalt in SU-la 
may be too high. The results obtained for cobalt, 
nickel and lead in RTS-1 and RTS-3, which are 
currently undergoing certification as mentioned pre- 
viously, are, except for cobalt and nickel in RTS-3, 
lower than the current consensus mean values but still 
within or almost within the 95% confidence limits. 
No consensus mean values for bismuth and indium 
were available for comparison purposes. However, 
the results obtained for these elements are in good 
agreement with those obtained by AAS after their 
simultaneous separation from the matrix elements by 
chloroform extraction as the diethyldithiocarbamates 
at pH N 10 in the presence of potassium cyanide,s 
followed by the removal of chloroform from the 
extracts by evaporation, destruction of organic 
material with nitric and perchloric acids, evaporation 
of the solution to dryness and the ultimate deter- 
mination of bismuth and indium as described in the 
proposed method. Concurrent results obtained for 
lead (94.0 + 0.6 and 142 + 1 pg/g for RTS-1 and 
RTS3, respectively), which is also simultaneously 
extracted under the conditions above, were slightly 
higher than, but still agreed well with, those obtained 
by the proposed method. In this work each of the 
individual results obtained for the reference materials 
was the mean of 3 or 4 AAS measurements. 

The proposed method is suitable for samples con- 
taining N 0.5 pg/g or more of cobalt, nickel and lead 
and N 3 ,cg/g or more of bismuth and indium. In this 
work the reagent blanks for cobalt, nickel, lead, 
bismuth and indium were 60.3, ~0.8, 62.1, 90.9 
and 90.5 pg, respectively. 
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SPECTROPHOTOMETRIC DETERMINATION OF TRACE 
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Snmmary-Procedures for the spectrophotometric determination of UO:+ with Eriochrome Azurol B and 
Chrome Azurol S in the presence of the cationic surfactant Septonex have been developed from studies of 
the complex equilibria in solution, and simplex and single-factor optimization. They are suitable for the 
determination of UO:+ in drinking, surface and waste waters after prior separation with tri-n-octylamine 
in benzene or Freon 113 from 4M hydrochloric acid and stripping with 0.3M hydrochloric acid. 

Triphenylmethane dyes containing the salicylic acid 
donor group are sensitive hut unselective reagents 
for uranium in the presence of cationic and non- 
ionic surfactants. The dyes Chrome Azurol Si-* and 
Eriochrome Azurol B (2”, 6”-dichloro-3,3’-dimethyl- 
4,4’-hydroxyfuchsone-5,Sdicarboxylic acid)9*10 are of 
particular interest. Cationic and non-ionic surfactants 
cause outstanding changes in the optical properties 
and stability of the species formed with these reagents. 
In micellar solutions of cationic surfactant, defined 
but rather complicated equilibria with several ternary 
species of different optical properties may be estab- 
lished in dependence on pH, concentration of reagent 
and surfactant, though they may not be accompanied 
by fully clear micellar interactions. Moreover, com- 
peting equilibria in solutions containing excess of 
reagent or surfactant, involving the decomposition 
of ternary complexes and considerably influencing 
the optical properties of the ternary system,” have 
been underestimated. This might be the reason for the 
increased scatter of absorbance values observed in 
the spectrophotometric determination of uranium in 
the presence of surfactant, for non-linear calibration 
plots, and for disagreement among molar absorptivity 
values and the optimum conditions recommended 
in the literature. The concentrations of reagent and 
surfactant, as well as the pH, are critical factors with 
regard to the surfactant used and the particular 
uranium concentration range. 

In this paper, optimized conditions are given for the 
use of Eriochrome Azurol B and Chrome Azurol S 
in the presence of the cationic surfactant Septonex@ 
(I-ethoxycarbonylpentadecyltrimethylammonium 
bromide) for the determination of uranium in drink- 
ing, surface and waste waters after prior separation of 
uranium by extraction with tri-n-octylamine solution 
in benzene or Freon 113 from hydrochloric acid 
medium, and stripping into dilute hydrochloric acid. 

Reagents 

EXPERIMENTAL 

The stock solution of uranium was 0.189 1 M many1 chlor- 
ide in O.lM hydrochloric or sulphuric acid, standardized 
gravimetrically with I-hydroxyquinoline. 

The disodium salt of Eriochrome Azurol B (CAB), (Carlo 
Erba) was purified according to PiStPllka et af.” Its purity 
was found to be 97.8%. 

The trisodium salt of Chrome Azurol S (CAS), (Geigy) 
was purified by pmcipitation and extraction.‘z” The pure acid 
was air-dried and contained 94.7% of the active substance. 

The purity of the reagents was checked by TLC on silica 
gel with n-butanol-acetic acid-water (7 : 1: 5). 

Stock solutions of reagents were prepared by dissolving 
the required amount in 5 ml of 5M ammonia solution and 
diluting to the required volume with water after adjustment 
to pH 9 with dilute acid. 

The surfactants Septonex@ [SPX, l-ethoxycarbonyl- 
pentadecyltrimethylammonium bromide, (Slovakofarma, 
Hlohovec, Czechoslovakia)], cetylpyridinium bromide (CP) 
and cetyltrimethylammonium bromide (CTMA), (both from 
Lachema, Czechoslovakia), Zephiramine@ (benzyldimethyl- 
tetradecylammonium chloride ZPA, Dojindo Co., Japan), 
Ajatine@ (benzyldimethyl-laurylammonium bromide, AJA, 
Spofa, Czechoslovakia), Hyamine 1622@ {benzyldimethyl- 
(2-[2-b-( 1,1,3,3-tetramethylbutyl)phenoxy]ethoxy]ethyl) 
ammonium chloride, HYA, Schuchhard, FRG} were repre- 
cipitated by ether from ethanolic solution, and 2.5 x 10e2M 
stock solutions in 95% ethanol were prepared. Triton X-100 
[octylphenolpoly(ethylene glycol) ether, Koch-Light, GB], 
Brij 35 [poly(oxyethylene)monolauryl ether. Schuchhard] 
and sodium dodecyl sulphate (SDS), (BDH, GB) were used 
as 1% stock solutions in water. 

Suprapure 5M ammonia solution and 5M hydrochloric 
acid were prepared by isopiestic distillation in an exsiccator 
from analytical grade starting materials. 

The buffers used were 2M pyridine and 1M hexa- 
methylenetetramine adjusted with hydrochloric acid to pH 
5.6 or 6.0; 1 M triethanolamine adjusted to pH 7.0 with dilute 
sulphuric acid; 1M ammonium acetate (pH 6.5). 

The masking solution of 0.25M Mg-DCTA was made by 
dissolving 43.3 g of DCTA (1,2-dia&ecyclohexanetetra- 
acetic acid) in 250 ml of water containing 10 g of sodium 
hydroxide and mixing this with a solution of 30.5 g of 
MgCl,.6H,O in 200 ml of water, adjusting to pH 7.5 with 
dilute hydrochloric acid and diluting to 500 ml with water. 
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The solution contained a limited excess of Mg*+. Instead 
of the MgCl,, 6H,O, 6.05 g of magnesium oxide dissolved 
in 200 ml of dilute sulnhuric acid was used for making a 
masking solution for use in sulphuric acid medium. - 

The uranium test solution contained UO$+ (2.5 mg), Th’+ 
(0.5 mg), Zr’+ (0.5 mg), Ti’+ (0.5 mg), Fe3+ (100 mg), Cr3+ 
(0.5 mg), Al’+ (5 mg), Cu*+ (0.5 mg), Ni*+ (0.5 mg), Mn*+ 
(0.5 mg), Bez+ (0.5 mg), Cl- (350 mg), SOi- (20 mg), NO, 
(500 mg) per litre, at pH 2. The solution was diluted tenfold 
and a 100~ml portion of this diluted solution was evaporated 
to dryness prior to its analysis. The water used was always 
doubly distilled in silica apparatus. 

Insrruments 

A Radiometer PHM 64 pH-meter with a G 202 B glass 
electrode and K401 saturated calomel electrode, and Radelkis, 
208/l pH-meter with an OP-0808 P combined electrode were 
used. The spectrophotometers were a Superscan 3, Varian 
Techtron Superscan 3 recording double-beam instrument, a 
Hewlett Packard HP 9815 A controlled by a desk computer 
and an SFD-2 single-beam grating instrument (USSR). Silica 
cells with path-lengths of 5-40 mm were used. 

RESULTS AND DISCUSSION the linear parts). 

According to our earlier studies’l the reaction equi- 
libria between U@+ and CAB or CAS in micellar 
solutions of cationic surfactants (T+) are rather 
complicated. The ternary species UOILz- .6T+ (A,,, 
612 rm~, e = 1.43 x 10Sl.mole-l.cm-l) with CAS or 
UOrL;-.4T+ (I_ 617nm, c = 1.18 x lO’l.mole-‘. 
cm-‘) with CAB at pH 5.6-7.0 are a suitable basis 
for the spectrophotometric determination of UO$+ 
under optimum conditions, but these species are often 
accompanied by the optically different ternary species 
UOrL-.T+ (6 = 1.51 x lo5 l.mole-‘.cm-I, 1, 635 
nm) with CAB or U02L2-.2T+ (A, 614 nm, 
L = 1.23 x 10’ l.mole-‘.cm-I) with CAS, or are de- 
composed at the higher cL/cM or c,/c, ratios that may 
occur when the calibration plots cover a broad UOi+ 
concentration range. Calibration plots for ternary 
systems including a cationic surfactant usually have 
a sigmoid form, especially near the origin if measured 
at J,_ of the prevailing ternary species (Fig. 1). 
The form and slope of such plots are considerably 
influenced by the concentration of surfactant and 
reagent. The change of the form of the calibration plot 
is clearly indicated by the absorption spectra recorded 
during calibration (Fig. 2). For solutions with higher 
reagent or surfactant concentrations, or measured at 
the wavelength of the isosbestic point (Fig. 3), the 
calibration plots become linear but with a lower slope. 

Determination of iJO:+ with CAB 

Absorbance us. pH plots for solutions with various 
concentrations of components are shown in Fig. 4. 
A spectrophotometric investigation of the system” 
indicates the optimal concentrations to be cL = 1 x 
10e5M and c r = 8 x lo-‘M at pH 5.6 for an average 
uranium concentration of cM = 7 x 10F6M in solutions 
containing chloride, at an ionic strength I = 0.65 
and with <5% v/v ethanol; &,, is 635 nm and the 
average conditional molar absorptivity is e = 1.41 
x 10’ l.mole-‘. cm-‘. 

Fig. 2. Absorption spectra as a function of UC$+-concen- 
tration in the calibration. cL = 1 x lo-‘M, cr = 8 x IO-‘M, 
pH 5.6, I = 0.05 c,; LO; 2,0.25 x 10-W; 3,0.5 x lO+f; 
4.1 x IO-“&f: 5,2 x 10-6M; 6,3 x 10-6M; 7,5 x l0-6M; 8, ~_ 
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Fig. 1. Typical calibration plots for the system Uq+-CAB 
Septonex. cL = 2 x IO-‘M, cr = 6 x lo-‘M, pH 5.6, I = 0.05, 
5% v/v ethanol 1,635 nm, L = 1.34 x lo5 l.mole-‘.cn-‘; 2, 
625 nm, 6 = 1.04 x lO’l.mole-‘.cm-‘; 3, 615 nm, L =0.88 
x IO5 1 .mole-‘cm-’ (t calculated by regression analyses of 

Results of simplex optimization “~‘5 

No factorial design was necessary for selection of 
most of the reaction conditions, because of the con- 
siderable changes in absorbance with concentration 
of certain reagents. Hence pH 5.6, I = 0.05 and 5% 
v/v ethanol were kept constant. A two-factor simplex 
(c,, cr) at two cu levels (c~, c, and c, are the ligand, 
surfactant and metal concentrations) and a three- 
factor simplex (cM, cr, cr) were used, in which par- 
ticular factors were chosen with respect to published 
absorbance plots or diagrams drawn by computer.” 

Expansion and contraction operations were success- 
fully used with the three-factor simplex. The simplex 
moves to the optimum are shown in Fig. 5. The 
optimal conditions found by the two- and three-factor 
simplexes agree with those found by the successive 
single-factor optimization and are close to those re- 

A 
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525 575 625 nm 

Fig. 3. Absorption spectra as a function of CAB concentra- 
tion, at pH 5.6. c” = 7 x 10m6M, cL = 7 x 10m6-7 x lo-‘M, 
c,= 1 x 10e3M, 5% v/v ethanol, I = 0.05 c,/c,: 1, 1.0; 

2, 2.0; 3, 3.5; 4, 5.0; 5, 10.0. 
7.0 pH 

sulting from the methods of investigation of complex 
Fig. 4. Apparent molar absorptivity at 630 nrn US. pH plots 

equilibria (c$ Jan&S et al.“): 
for the system UO~+-CAESeptonex for solutions with 
varied concentrations of components. c, = 7 x 10W6M, 

CL = 3 x 10-6&f, c, = 2.13 x 10m4M for c,=2 x 
c, = x 10-3M. cJch(: curve 1, 1.0, curve 2,2.0 curve 3, 3.5; 

lo-6h4 
curve 4,5.0; curve 5,10.0; curve 6, cL = 7 x 10-6M, cM/cL = 
149, c, = 1 x 10m3M; curve 7, cL/cM = 2, 0, = 1.5 x 10e2M. 

cL = 1.5 x lo-‘A4, c, = 5.67 x 10W4M for C~ = 7 x 
lo-6A4 Interferents. The limiting concentrations (criterion 

c, = 1.23 x 1O-5M, cr = 7.64 x 10e4M for cy = an error <2%) of various species were 5 x 10m3M 

8.08 x IO-6M Ca’+, 2 x 10T3M Zd+, O.lM Cl-, 5 x 10-2M NO;, 
0.2MSO:-, 1 x 10-4Mcitrate, 1 x IO-*MMg-DCTA 

all for pH 5.6 and Iz,, 635 nm. or 1 x lo-‘M F- in solutions containing 5 x lO-‘jil4 
The simplex method may fail if the simplex moves UOf+, c,. = 1 x lo-‘McT = 8 x 10-4M, pH 5.6 (O.lM 

into the area of a different reaction mechanism during 
the optimization. Thus, changes of factor levels must 
be carefully chosen since if they are too small it takes 
longer to reach the optimum, and if they are too large 
or the expansions too big, a false optimum may be 5 

reached or the correct levels of particular factors may F 
be exceeded. 

Eflect of ethanol. For solutions with C~ = 7.1 x 
10A6A4, cL = 2.1 x 10e5M and cT = 1 x lo-‘IV at 

PH 5.6, L, is shifted from 635 to 575 nm, and the 
conditional molar absorptivity continuously decreases 
with increasing content of ethanol, which must not be 
higher than 5% v/v. 

0.5 

E#ect of ionic strength. The absorbance at 635 nm 
increases with Z up to 0.05, then decreases. 

E&ct of buffers. Ryridine (O.lM) or 0.05M hex- 
amine buffers (pH 5.6 or 6.0) do not interfere in 
solutions containing clvl = (5-7) x 10e6M, cL = (l-2.5) 
x IO-‘M and c, = (0.8-1.0) x 10e3M. 

0.1 

Calibration plots. The plots for 635 nm are linear 
for (1.5-9.0) x 10m6M UO:+ in chloride medium at 
pH 5.6 containing O.lM pyridine buffer, 8.0 x 10m4M 

Fig. 5. Movement of the three-factor simplex in the system 
Ua+-CAESeptonex, pH 5.6, 635 nm, I = 0.05, 5% v/v 

Septonex and 1 x 10m5M CAB. The plots are, how- ethanol. Factor intervals: clr( = O-I x IO-‘M, c, = O-2.5 x 

ever, concave at < 1.5 x 10m6M UO:+. Regression lo-‘M and c, = O-l.4 x 10-3M. Factor range O-l; successive 

data for the linear parts of the plots are given in 
changes of levels 0.1. Initial simplex for mid-range values of 
the factor levels. Numbers in the figure are successive apexes 

Table 1. of triangles. 

TAL. M,S--B 
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Table 1. Parameters evaluated from calibration plots for the optimized systems UO$+-CAB-SPX 
and UO:+-CAS-SPX 

CABasb CAY 

Sulphate- 
[Chloride- [Chloride- 0.05M TEA (pH 7r 

Parameters O.lM pyridine @H 6)] O.lM pyridine @H 6)] -0.OlM Mg-DCTA]’ 

L, I.mole-‘.cm-’ (1.41 f 0.01) x 10J (1.48 kOo.02) x 10r (1.28 iO.03) x 10’ 

(A,),, 0.152 f 0.005 0.017 f 0.010 -0.012 f 0.030 

‘4 WW 
0.162 f 0.002 0.023 f 0.001 0.012 f 0.001 

S&X. Y) 0.007 0.019 0.025 
stix.Y)V /4zglml (U) 0.012 0.031 0.048 
Determination limit’, M 1.6 x lo-’ 7.1 x lo-* 5.2 x lo-* 
(U)‘, pgcglml 0.04 0.02 0.012 

O635 nm; bq,, = 5 x lo-‘-9 x 10e6M, cL = 1 x 10msM, c, = 8 x 10e4M; ‘612 nm; dcM = 5 x lo-‘- 
9 x lo-6it4, c, = 2.5 x 10-5M, cr = 1.25 x lo-‘M; ‘cu d 8.0 x 10+4, cL = 4.0 x 10-4M, 
C, = 1.25 x 10-3M; ‘concentration corresponding to 10 times standard deviation (s,& of the 
blank absorbance (A,). s,,(~,~) and s~(,,~) are the standard deviations of the measured absorbance 
and concentration. 

pyridine buffer), measured at 635 nm. Bi3+, A13+, 
Fe’+ Th4+, Cu*+, ClOi interfere at concentrations 
less han that of the UO:+. 

Determination of UOi+ with CAS 

Effect of various surfactants. As shown in Table 2, 
Septonex caused the largest increase in the molar 
absorptivity in the UO:+-CAS system. The anionic 
surfactant SDS was without effect even in the pres- 
ence of O.Ol-OSM sodium bromide, in contrast to its 
behaviour with beryllium and CAS.16 The absorbance 
and molar absorptivity of the U02-CAS-Septonex 
system depend on the major anion in the system, and 
decrease with this in the order Cl- > SO:- > NO; at 
pH 5.5-7.0 and in the presence of cL = 2.1 x 10T5M, 
c, = 1.0 x 10m3M and cIl = 7.0 x 10m6M. 

Quaternary systems with mixtures of two surfact- 
ants, such as cationic and anionic, cationic and non- 
ionic or two cationic surfactants, were tested under 
the optimal conditions (PH 6, chl = 5 x 10e6M and 
cL = 1.0 x 10-5M). No increase in molar absorptivity 
or red shift of I,,,,, was observed in such systems 
relative to the ternary system containing Septonex, 
over the concentration intervals 1.5 x 10e5-2.0 x 
lo-‘M Septonex or sodium dodecyl sulphate, or 1.0 
x 10-5-5.0 x lo-*M Ajatine or 0.001-0.5% Triton 

X-100. The properties of a particular quaternary sys- 

tern are determined by the predominating surfactant. 
Moreover, there was no effect of additional surfactant 
on the linearity of calibration plots for low UOi+ 
concentrations and cL > 5 x 10e5M. 

Determination in chloride medium containing Septonex 

The highest molar absorptivities (1.4-1.5) x 10’ 
1. mole-‘. cm-’ were reached for solutions containing 
cM = 5.0 x 10m6 or 7.0 x 10m6M, c, = 1.5 x 10m5 or 
2.5 x 10m5M, c,= 1.0 x 10m3 or 1.25 x 10-3M at 
pH 6.0 and J_ 612 nm. The absorbance is constant 
after 10 min and does not change during 1 hr, but 
considerably decreases with increasing c,_ > 3.0 x lo-’ 
and cT > 2.0 x 10e3A4 for a constant uranium concen- 
tration in the range (l-9) x 10m6M. Pyridine, trieth- 
anolamine, hexamine or ammonium acetate buffers 
(pH 6) do not interfere. More than 10% v/v ethanol 
decreases the absorbance considerably and shifts the 
complex formation region to higher pH values. 
I = 0.1 is optimal but higher ionic strengths decrease 
the absorbance at 612 nm. 

Calibration plots are linear for c, > 9.0 x 10T6Min 
solutions containing 2.5 x 10e4M CAS and 1.25 x 
lo-‘M Septonex at pH 6.0 (with or without pyridine 
buffer). The effect of reagent excess is less than in the 
UO:+-CAB-Septonex system. Regression data are 
collected in Table 1. 

Table 2. The effect of various surfactants on the UOf+-CAS* system (chloride medium) 

Surfactant 
I mpI, 6 

nm Optimum cont., pH 10’ l.mole-‘.cm-’ 

Septonex 612 1.0 x lO_‘M 
Cetylpyridinium bromide 613 1.0 x lO_‘M 
Cetyltrimethylammonium bromide 614 1.25 x IO-‘M 
Hyamine 1622 593 2.0 x lo-*M 
Zephiramine 596 1.0 x lo-*M 
Ajatine 593 2.0 x lo-*M 
Triton X- 100 613 1.0% 
Brij 35 611 0.05% 
Poly(ethyleneglyco1) 588 0.10% 
Sodium dodecyl sulphate 585 1.25 x 10-3M 

l cu = 5.0 x 10e6M, cL = 1.5 x 10esM, I = 0.05, Q 5% v/v ethanol. 

6.00 1.47 
5.55 0.91 
5.50 0.92 
5.50 1.19 
6.10 1.21 
5.55 1.25 
6.00 0.78 
6.10 0.39 
5.65 0.13 
5.55 0.12 
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Table 3. Effect of some anions and masking agents in the system U@+-CAS- 
8eptonex in chloride and sulphate medium (A 612 nm) 

Limiting concentration,+~t 
Reagent M G/C” . . . . . 
Br- 1.0 x 10-l 2x104 
Cl- 
SO?$- 
NO, 
ClOi 
HPDi- 
co:- 
F- 
DCTA 
Mg-DCTA 
5-Sulphosalicyclic acid 
H, BD, 
SCN- 
1, IO-Phenanthroline 
Tartrate 
Ascorbic acid 

3.0 x 10-l 
5.0 x 1o-2 
1.0 x 10-l 
2.5 x 10-4; 1.0 x 10-45 
2.0 x 10-s; 4.0 x lo-‘5 
1.0 x lo-’ 
5.0 x lo-’ 
8.0 x lo-‘4 
2.5 x IO-’ 
9.2 x lo-‘; 4.6 x lO-+j 
1.5 x 10-I; 1.0 x lo-‘t 
5.0 x lo-‘; 5.0 x 10-45 
4.0 x 10-S; 5.0 x 10-g 
5.0 x 10-S 
1.0 x 10-j 

6x 104 
1 x 104 
2 x IO’ 
50; 2@ 
4; @ 
20 
100 
1W 
500 
19; 9 
3xlti2xlO~ 
1 x IO’ 108j 
800; lOO!j 
10 
200 

Citrate 2.0 x 10-S; 4.0 x 10-q 4; 85 

*For a deviation of ~2% in the uranium signal. 
tc” = 5.0 x lo-6M, CL = 1.5 x 10_5M, c, = 1.0 x’ W3M, pH 6.0 (O.lM pyridinium 

buffer). 
@ulphate medium with 0.05M triethanolamine buffer (pH 7.0). 

Determination in sulphate medium containing Septonex 

The largest conditional molar absorptivity (1.35 
1.45) x lo5 l.mole-*.cm-’ at 612 nm resulted for 
cu = (5.0-7.0) x 10m6M, cL = (1.5-2.1) x lO_jM and 
c, = (1.0-l .25) x 10e3M at pH 7.0 (0.05&f triethanol- 
amine buffer) in solutions with I = 0.02 and < 5% v/v 
ethanol. The absorbance, which is constant after 10 
min, slowly decreases with increasing reagent and 
surfactant concentrations. The influence of some 
anions and masking agents is shown in Table 3 for 
chloride and sulphate media. Be2+, Cu’+, AP+, Fe’+, 
Th’+ and ClO; interfere even at concentrations less 

Table 4. Tolerance limits* for cations masked 
with O.OlM Mg-DC’I’At 

Limiting concentration 

Cation M mglml 

Mg2+ 1.0 x 10-l 2.43 
Fe’+ 5.0 x 10-r 0.28 
Ca2+ 3.5 x lo-* 1.40 
Mn*+ 2.0 x lo-* 1.10 
cu*+ 1.0 x 10-r 0.064 

$ 
4.0 x IO-’ 0.26 
2.0 x lo-’ 0.054 

co*+ 4.0 x 10-J 0.24 
Ni*+ 2.0 x 10-j 0.12 
Pb*+ 8.0 x lo-) 1.66 
Th4+ 2.0 x 10-J 0.46 
Ti’+ 4.0 x 10-j 0.19 
zll+ 1.0 x 1o-4 0.009 
La’+ 4.0 x 10-r 0.55 
F&+ 1.0 x 1o-4 0.006 

*For a deviation of ~2% in the uranium 
signal. 

tclr( = 5.0 x 10-6M (1.19 pg/ml), cL = 4.0 x 
lo-‘M, cr = 1.0 x 10e3M, O.OSM trieth- 
anolamine buffer (PH 7.0); L 612 nm. 

than that of uranium, but M$+, Ca’+ and Zn*+ do 
not. Mg-DCTA (1 x lo-‘M) containing a small 
excess of Mg2+ is a suitable masking agent for 
several interfering cations, in spite of causing an 8% 
absorbance decrease at 612 nm if 4.0 x 10V5M CAS is 
used (Table 4). Calibration plots for solutions with or 
without the masking agent are linear for (l-8) x 
lo-6M uo;+, c ,. = 2.4 x 10b5-4.0 x 10T5A4 and 1.25 
x 10T3M Septonex at pH 7 (0.05M triethanolamine) 
and 612 nm. Data obtained by regression analysis are 
given in Table 1. 

A procedure for the determination of UOz+ in a 
nitrate medium containing Septonex was described 
earlier.’ The optimal conditions and resulting par- 
ameters for the determination of UO:+ with CAS in 
the presence of cationic surfactant differ slightly for 
various media. 

Determination of uranium with CAS or CAB after 
extraction with tri-n -octylamine 

Because of the limited selectivity of CAS and CAB, 
a prior extraction of uranium with O.lM tri-n-octyl- 
amine solution in benzene, kerosene or Freon 113 
from 4M hydrochloric acid and stripping with 0.3M 
hydrochloric acid was made, for which the earlier 
procedurelo*” was modified. 

Extraction with tri-n-octylamine in benzene or 
kerosene. Pipette 15 ml of sample solution containing 
< 110 pg of uranium into a 50-ml separation funnel 
with a short (<20 mm) stem, add 0.1 g of solid 
ascorbic acid and 10 ml of 10M hydrochloric acid, 
and shake the mixture vigorously for 3 min with 5 ml 
of 0.1 M tri-n-octylamine in benzene or kerosene. Dis- 
card the aqueous solution after complete separation 
of both phases. Wash the organic phase with 5 ml of 
4M hydrochloric acid and then strip the uranium by 
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Table 5. Parameters from calibration plots for uranium after extraction with O.lM tri-n-octylamine and stripping 

Parameter CABqb CAScd CASb*’ CAS 

6, I.mole-‘.cm-’ (1.40f0.01) x 105 (I.41 * 0.01) x 105 (1.47f0.014) x 105 (1.17f0.03) x 10s 
A0 WC) 0.151 f 0.003 0.034 f 0.003 0.021 f 0.005 -0.011 f 0.012 
A 0 (w) 0.160 + 0.003 0.033 f 0.002 0.023 f 0.002 0.022 f 0.001 
s A (.V. Y) 0.005 0.004 0.006 0.014 
%(X. Y) 0.010 0.008 0.010 0.028 
Determination limit for U’ 1.95 x lo-7M 1.57 x lo-7M 1.50 x lo-7M 5.1 x lo-*M 

0.047 pg/mI 0.037 pg/ml 0.036 pg/ml o.o12jlg/ml 

“Chloride medium, 0. IA4 pyridine buffer (pH 5.6) in presence of 0.005M Mg-DCTA and 0.0005M sodium fluoride; I 635 nm. 
bExtraction into benzene. %onditions as for CAB’, pH 6.0, 1 612 nm. dExtraction into kerosene. “Sulphate medium, 
0.05M triethanolamine buffer (DH 7.0) in uresence of O.OlM Mg-DCTA, extraction into Freon 113. ‘Concentration 
corresponding to 10 times A, (see fooinote*to Table 1). 

shaking the organic phase for 2 min each time with 

two 5-ml portions of 0.3M hydrochloric acid, combine 
the aqueous phases and add 2.5 ml of 2.5 x IO-*M 
Septonex, 5 ml of a mixture consisting of 2.5 x 10s4M 
CAS, 5 x lo-*M Mg-DCTA and 5 x 10e3M sodium 
fluoride, 2.5 ml of 2M pyridine buffer (pH 6). Adjust 
to pH 6 (pH-meter) with 5M ammonia, if necessary, 
then make up to volume in a 50-ml standard flask with 
water. After 10 min measure the absorbance at 612 
nm. The calibration plot is linear up 2.38 fig/ml 
uranium. If CAB is used the sample aliquot should 
contain d 90 pg of uranium and after stripping 2.5 ml 
of 1.6 x lo-*M Septonex, 5 ml of a standard 3.6 pg/ 
ml uranium solution (to shift the uranium concentra- 
tion into the linear part of the calibration plot), 5 ml 
of a mixture consisting of 1 x 10°4M CAB, 5 x 
lo-*M Mg-DCTA and 5 x 10v3M fluoride, and 2.5 
ml of 2M pyridine buRer (PH 5.6) are added, the pH 
is adjusted to 5.6 if necessary and the whole is diluted 
to volume with water, in a SO-ml standard flask, and 
the absorbance at 635 nm is measured. The calibration 
plot is linear up to 1.79 pg/ml uranium (cf: Table 5). 

If more than 39 pg/ml iron is present, add 3.5 g 
of solid ascorbic acid and dissolve it by shaking. Up 
to 2 x 10m3M Md+, 1.5 x 10q3M Be*+, Zn*+, Th4+, 
1 x lo-‘M Ca*+, Mn*+, Cu*+, Pb*+, Al’+, Cr3+, 
Co2+, Ni2+, Ti(IV), Zr(IV) and 7 x 10e4M Fe”+ (or 
5 x 10e3M with 3.5 g of solid ascorbic acid added) in 
the sample solution do not interfere. 

Extraction with 0. IM tri-n-octylamine in Freon 113. 
Add 2 g of ascorbic acid and 15 ml of sample solution 
containing less than 125 pg of uranium to 10 ml of 
10M hydrochloric acid in a separation funnel as 
above and shake the mixture vigorously for 3 min 
with two 5-ml portions of O.lM tri-n-octylamine in 
Freon 113. Combine the organic phases in a dry 
separation funnel and strip the uranium by shaking 
for 2 min with 10 ml of 0.3M hydrochloric acid. 
Discard the organic phase. To the aqueous solution 
add 2 ml of 0.25M Mg-DCTA, 2.5 ml of 2.5 x IOm2M 
Septonex, 5 ml of 4 x 10w4M CAS and 2.5 ml of 1M 
triethanolamine buffer (pH 7). Adjust to pH 7 and 
make up to the mark with water in a 50-ml standard 
flask. After 10 min measure the absorbance at 612 nm. 
The calibration plot is linear for l-O-7.5 x 10m6M 
uranium. Parameters evaluated from the plot are given 
in Table 5. Only 96% of the uranium is extracted 
with 0.1 M triethanoiamine in Freon 113 from 4M 
hydrochloric acid but this amount is constant. Up to 
1 x 10m4M Zr’+, 2 x 10m3M Th4+, 5 x 10s3M Fe’+, 
3 x lo-*M Ca*+ and Mg*+ in the sample solution will 
not interfere. 

Determination of soluble uranium in surface and waste 
waters 

Evaporate 100 ml of the water sample with 2 ml 
of concentrated hydrochloric acid and 2 ml of 30% 
hydrogen peroxide in a porcelain dish. Dissolve the 

Table 6. Results of analyses of practical samples (determination of soluble uranium) 

CAS CAS CAB 
Ex. by 0.W TOA Ex. by O.lM TOA Ex. by 0.1M TOA 

into Freon 113 into benzene into benzene 

Artificial test solution 
(n = 5) 
Confidence interval, pglrnl 245f4 253f4 254f4 
s, ccglmf 3 3 4 
rsd, % 1.3 1.2 1.4 

Waste water (n = 5) 
Confidence interval, pgcglml 295f9 285 f 6 288f9 
4, rcslml 7 5 8 
rsd, % 2.4 1.6 2.6 

Surface water (n = 10) 
Conftdence interval, fig/ml 36.2 f 1.0 35.3 f 0.7 35.2 f 2.5 

0.8 0.9 3.5 
2.2 2.6 10 
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dry residue in 10 ml of 10M hydrochloric acid, dilute 
with 15 ml of water, transfer the solution into the 
separation funnel and continue as above. Results and 
some evaluated parameters are compared in Table 6. 

The results of all procedures are in satisfying 
agreement but CAS is more suitable than CAB in the 
presence of Septonex because of its greater solubility 
in water, the wider linear range of the calibration plot, 
and the higher tolerance for excess of reagent and 
surfactant. 
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Bumwry-A simple, highly sensitive method is presented for the detonation of five ph~a~u~y 
important thioxanthene derivatives, namely chlorprothixene, thiothixene, methixene hydrochloride, 
clopenthixol hydrochloride and fluPentixo1 hydrochloride. The method involves the use of hexa- 
~~n~o~t~I1) ~c~~nat~~~~I1) (HCTC) as an oxidant in aqueous sulphuric acid medium 
to induce fluorescence. The proposed method has been further applied to the determination of the five 
CornPounds in their dosage forms. The results compare favourably with those obtained by the official 
methods. 

~ox~thenes are wideIy prescribed as central ner- 
vous system depressants. They have a mare pro- 
nounced action than phenothia~nes, which they have 
gradually replaced. There are many methods for 
their dete~nation, viz. ~~rne~c,l titrimetric,” 
spectrophotometric,5‘7 polarographic* and chro- 
matographic.“2 They have also been determined 
fluorimetrically after oxidation with oxidants such 
as eerie sulphate’3 or potassium permanganate;14 
50% sulphuric acidI has also been used to induce 
fluorescence of thioxanthenes. 

*To whom ~~~nd~~ should be addressed. 
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We have found that hexa-~in~balt(III) tri- 
carbonatocobaltate(III), HCTC, is useful in pharma- 
ceutical analysis, for example for the dete~natio~ 
of phenothiazines,‘6 antimony(II1) compounds,” 
reserpine18 and titrimetric dete~nation of thio- 
xanthenes.” In the present work, we have examined 
the oxidation of some thioxanthenes with HCTC to 
yield fluorescent products, 

EXPERIMENTAL 

Apparatus 
An Aminco-Bowman model 54-9860 spectrofluorometer 

was used with the excitation and emission slit controls 

fb) 

Wavelength f nm 1 

Fig. 1. Fluorescence spectra of the oxidation products of thioxanthenes: (a) excitation spectra; (b) emission 
SWCtra. 0-O ChlOrprOthiXCne (0.3 pg/d). 0-O Thiothixene (0.55 &ml). 0-O Clopenthixol. 2HCI 

(0.4 jqg/mi). M-H Methixene.HCl (0.32 pgfmi). x-x Fiupentixol. WC1 (0.27 @nl). 
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set at 5 mm, and l-cm silica cells were used for the 
measurements. 

Materials 

Pure drug samples were kindly provided by pharma- 
ceutical companies: chlorprothixene (Hoffmann La Roche), 
thiothixene @firer), methixene hydrochloride (Wander, 
Switzerland), clopenthixol and flupentixol hydrochlorides 
(Lundbeck, England). Dosage forms were obtained from 
local sources. 

Reagents 

HCTC was prepared as described by Baur and Bricker.” 
A 5 x IO-‘M solution was prepared by stirring 3.0 g of the 
pure compound for 2-3 hr in 1 litre of water saturated with 
sodium bicarbonate, then filtering, and was standardized 
iodometrically. A 2.5 x 10m3M solution was freshly pre- 
pared as required from this solution by dilution with water 
saturated with sodium bicarbonate. 

Sample preparation 

Stock l.O-mg/ml solutions of the thioxanthenes were 
prepared in 0. 1M hydrochloric acid (chlorprothixene and 
thiothixene), or distilled water (the three hydrochlorides) 
and further diluted with aqueous sulphuric acid (Table 1) 
to contain 1 pg of the analyte per ml. 

Analysis of authentic samples 

Transfer aliquots of thioxanthene solution to cover the 
concentration ranges cited in Table 1, to 25ml standard 
flasks, dilute them with 5 ml of aqueous sulphuric acid of 
appropriate concentration, add a suitable volume of HCfC 
solution, then dilute to the mark with aqueous sulphuric 
acid. The conditions are set out in Table 1. After the 
specified reaction time measure the fluorescence at the 
appropriate wavelength. Read the concentration from 
a calibration graph, or calculate it from the regression 
equation. 

Analysis of dosage forms 

Weigh and pulverize 20 tablets. Transfer an accurately 
weighed amount of the powder, equivalent to 30 mg of the 
active constituent, into a small conical flask. Extract with 
three 30-ml portions of the appropriate solvent (as in the 
sample preparation). Transfer the solution to a 100~ml 
standard flask and dilute to the mark with the same solvent. 
Further dilute this solution with aqueous sulphuric acid 
(Table 1) to give an analyte concentration of -1 fig/ml, 
and analyse as for authentic samples. Read the content from 
the calibration graph, or calculate it from the regression 
equation. 

DISCUSSION 

HCTC is a stable tervalent cobalt complex. In 
acid medium, it releases free Co3+, which is a 
strong oxidizing agent, with an oxidation potential of 
1.18 V in 0.92M hydrochloric acid.2’ The reagent is 
very stable; in the dry form, it is stable for years, and 
in suitably buffered solution, it is stable for about one 
month,P and can thus be recommended for use in 
routine analysis in a control laboratory. In this work, 
it has been reappraised in a study on some thio- 
xanthenes to see whether it can be used to induce 
fluorescence, and provide a simple, sensitive fluoro- 
metric method for their determination. Figure 1 
shows the excitation and emission spectra of the 
fluorescent products. 

The volume of reagent solution was found to be 
critical, see Table 1. Too large a volume of the 
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Minutes 

Fig. 2. Effect of time on the stability of oxidation products 
of thioxanthenes. a-_0 Chlorprothixene (0.3 &nl). 
0-0 Thiothixene (0.5 /.&nl); 0-O Clopenthixol.WCl 
(0.3 pglml). m-m Methixene.HCl (0.32 pg/ml). x-x 

Flupentixol. 2HCl (0.35 /~g/ml). 

reagent caused a marked decrease in the fluorescence. 
This may be due to further oxidation of the 
fluorogens to non-fluorescent products which are 
assumed to be &phone derivatives.” The colour 
development times given in Table 1 were used in all 
the determinations to obtain maximum sensitivity, 
but for convenience and robustness, measurement at 
30 mm might be better. 

The optimum sulphuric acid concentrations were 
established and are listed in Table 1. For clopen- 
thixol hydrochloride 1% v/v aqueous sulphuric acid 
is su!?icient, as the compound is degraded at higher 
concentrations of the acid.” 

Figure 2 shows the stability of the oxidation 
products. 

Table 2. Analysis of authentic samples of tbioxanthenes by 
the proposed and official methods* 

Compound 
Taken, Found, Recovery, Ogicial 

IQ! c(g % method* 

Chlorprothixene 

Mean 

Thiothixene 

Mean 

Metbixene . HCl 

Mean 

Clopenthixol .2HCl 

Mean 

Flupentixol .2HCl 

0.2 
0.3 
0.4 

0.3 
0.4 
0.5 

0.16 0.160 
0.32 0.325 
0.48 0.475 

0.3 
0.4 
0.5 

0.14 0.143 102.0 
0.29 0.293 101.0 
0.43 0.433 100.7 

ZE 
0:406 

0.306 
0.395 
0.505 

0.300 
0.395 
0.495 

100.0 
98.8 

101,5 
100.1 

101.9 
98.7 

101.1 
100,6 

100.0 
101.6 
99.9 

100.2 

100.0 
98.7 
99.0 
99.2 

99.0 
98.3 
99.8 
99.00 

100.1 
102.2 
100.1 
100.8t 

100.7 
101.4 
99.2 

100.4t 

99.1 

1::: 
99.67 

101.6 
100.3 
101.1 

M&Ul 101.2 101.01t 

*Each result is the average of 3 separate determination. 
tAnalysed by the non-aqueous titration procedure de- 

scribed for chlorprothixene.* 

The calibration graphs were linear over the concen- 
tration ranges given in Table 1. To test its validity, 
the method was applied to authentic samples of the 
thioxanthenes. The results abridged in Table 2 show 
that the method is accurate and precise. The method 
was further applied to some dosage forms containing 
thioxanthenes. The results in Table 3 are in accord- 
ance with those obtained by the official method.2 
Statistical analysiP of the results by using the 
Student t-test and the variance ratio F-test showed 

Table 3. Analysis of some dosage forms containing thioxanthenes, by the 
proposed and official methods 

Recovery,* % 

Preparation 

Taractan tablets(‘) 

PrOpOsed Official 
method method 

(5 mg of chlorparathixene per tablet) 
Taractan tablets(“) 

99.8 f 0.84 100.1 f 0.96 

(15 mg of chlorprothixene per tablet) 
Navane tabletscb) 

100.5 * 1.04 100.1 f 0.91 

(10 mg of thiothixene per tablet) 
Termaril tablets@) 

100.07 f 1.46 99.7 f 1.37 

(5 mg of methixene. HCl per tablet) 
Clopixol tabletstd) 

(10 mg of clopenthixol .2HCl per tablet) 
Depixol tablets” 

95.32 f 0.84 95.00 f 0.34t 

99.34 * 0.5% 99.8 f 0.3ot 

(3 mg of flupentixol.2HCl per tablet) 100.77 f 0.69 101.0 f 0.53t 

(a) Product of Hoffmann-LaRoche, Switzerland. 
(a) Product of Pfizer, U.S.A. 
(c) Product of Wander, Berne, Switzerland. 
(d) Product of Lundbeck, England. 
*Mean f standard deviation of at least 9 analyses, cakutated as percentage of 

nominal amount present. 
tBy non-aqueous titration as for chlorprothixene? 
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A -For Methixene 

t 2Co'+ t Hz0 - 

B - For Other Thioxanthenes 

vR, + 4Co”+t 2HzO - 

CH-CH,-CHt-RI 

t CHI=CH-C&-& t 4Co’+t4H’ 

R, 

0 

Fig. 3. Proposed mechanism of the reaction between thioxanthenes and HCTC. 

no significant difference Between the performances of 8. H. Oelachlaaer and R. Snohn. Arch. Pharm.. 1981.314. 
the two methods as regards accuracy and precision. 355. - 

_ I I I 

A proposed mechanism is presented in Fig. 3. 9. G. Severin, J. Pharm. Sci., 1987, 76, 231. 
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10. M. Krejti, K. Slais, D. KouIilova and M. Vespalcova, 

thioxanthone sulphoxides by analogy with the 
J. Pharm. Biomed. Anal., 1984, 2, 197. 

11. M. A. Brooks, G. DiDonato and H. P. Blumenthal, 
oxidation pathway reported for use of potassium J. Chromatog., 1985, 337, 351. 

permanganate. 24 Methixenee HCl is assumed to be 12. I. Jane ___ .;. A. McKinnon and R. J. Flanagan, ibid., 1985, 

oxidized to the corresponding sulphoxide. 
x3, IYI. 

13. H. D. Dell. J. Fiedler and R. Kamo. Z. Anal. Chem.. 

1. 

2. 

3. 

4. 
5. 

6. 

7. 

1971, 253, 357. 
. , 

14. S. A. Tammilehto, J. Pharm. Pharmacol., 1980,32,524. 

REFERENCES 15. K. F. Overa, Acta Psychiat. &and., 1980, 61, 92. 
16. M. I. Walash, F. Bela1 and F. A. Aly, Talanta, 1988,35, 

J. Dobrecky, Rev. Pharm., 1972,114,42; Chem. Abstr., 320. 
1973, 78, 787Oc. 17. Idem, Analyst, 1988, 113, 955. 
United States Pharmacopeia XXI, American Pharma- 18. I&m, Talanta, in the press. 
ceutical Association, Washington, DC., 1985. 19. F. Belal, M. I. Walash and F. A. Aly, Micro&m. J., 
Y. A. Beltanv. A. S. Issa and M. S. Mahrous. Talrmta, 1988. 38. 295. _- 
1978, 25, 349. 20. 
0. Adam, Acta Pal. Pharm., 1978. 35, 63. 
M. I. Walash, M. Risk and A. El-Brashy, Pharm. 21. 
Weekbf. Sci. Ed., 1986, 8, 234. 
M. Abdel-Salam, A. S. Issa, M. Mahrous and M. E. 22. 
Abdel-Hamid, Anal. Lat., 1985, 18, 1391. 23. 
E. A. Ibrahim, A. S. Issa, A. S. Abdel-Salam and M. S. 
Mahrous, Talanta, 1983, 30, 531. 24. 

J. E.. Baur and C. E. Bricker, Anal. Chem., 1965, 37, 
1461. 
M. Hanif. M. Saeed, M. Z. Iobal and J. Z$ka, Pakistan 
J. Sci. Ind. Res., 1976, 19, 14. 
M. Hanif and M. Saleem. ibid.. 1976. 19. 9. 
D. H. Sanders, A. F. M&h and R. J. Ehg, Statistics, 
McGraw-Hill, New York, 1976. 
L. E. Eiden and J. A. Ruth, Experientia, 1978,34,1062. 



Talanta, Vol. 36, No. 5, pp. 561-565, 1989 
Printed in Great Britain. All rights reserved 

LIQUID-LIQUID 

0039-9140/89 $3.00 + 0.00 
Copyright 0 1989 Pcrgamon Press plc 

DISTRIBUTION OF ION-ASSOCIATES 
OF DICHLOROCUPRATE(1) WITH QUATERNARY 
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Summary-The dichlorocuprate(1) anion CuCl; can be extracted as its ion-associates Q+ *CuCl, with 
quatemary ammonium cations (Q+) into chloroform. The extraction constants II;, have been determined, 
and the log K;, values found for the various counter-ions used are 1.93 for (C, H,),N+, 4.10 for (C,I-&),N+, 
6.57 for (C,H,,),N+, 1.57 for CsH,,N+ (CH,),, 2.83 for Ck,Hr,N+(CHr), 4.12 for C,rH,,N+(CH,)r and 
5.21 for C,,H,N+(CHr),, respectively. A linear relationship was found between log& and the total 
number of carbon atoms in Q+; from the slope of the line, the contribution of a methylene group to log K, 
was calculated to be 0.59. The extractability with alkyltrimethylammonium cations was larger than that 
with symmetrical tetra-alkylammonium cations and the difference in log K, for two cations (one of each 
type) with the same number of carbon atoms was about 0.4. From the extraction constants obtained, the 
extractability of C&l, was found to lie between that of ReOi and ClO; . 

The solvent extraction of the ion-associates of di- 
chlorocuprate(1) is of interest for the selective separ- 
ation of copper. It has been used in the extraction- 
spectrophotometric determination of copper with 

Ethyl Violet.‘*’ In the present work, the extraction 
constants for the ion-associates with seven quaternary 
ammonium counter-ions distributed between aqueous 
and chloroform phases were determined and correlated 
with the number of carbon atoms in the counter ions. 
Extractability of dichlorocuprate(1) was compared 
with that of other anions. 

EXPERIMENTAL 

Apparatus 

Absorbances were measured on a Japan Spectroscopic 
Uvidec-430 spectrophotometer with silica cells of IO-mm 
path-length. The pH values were measured with a Hitachi- 
Horiba Model F-8 dp pH-meter. An Iwaki Model V-DN 
type KM shaker was used for horizontal shaking of the 
25ml stoppered test-tubes used for extraction. A Kubota 
Model KN-70 tabletop laboratory centrifuge was used to 
ensure complete phase separation. 

Reagents 

Standard copper(H) solution. prepared by dissolving 
1.25 g of cupric sulphate nentahydrate in 500 ml of 0.05M 
sulph;ric a$d and-standardized- by EDTA titration, with 
I-(2-pyridylazo)-2-naphthol as indicator. Working solutions 
were prepared by accurate dilution of this stock solution. 

Bu$er solution. Two acetate buffer solutions (0.5M, 
pH 7.0 and 0.6M, pH 5.0) were used. 

Reducing agent, 0.01 M. Prepared fresh daily by dissolving 
0.164 g of hydroxylammonium sulphate in 100 ml of distilled 
water. 

Ethyl Violet solution, 2.5 x IO-‘MM. Prepared by dissolvina 
28.0 mg of Ethyl Violet (Tokyo Ka&i Kogyo, E-200: 
G, H,ClN,.iZnCl,) in 200 ml of distilled water. 

&Gernaij amkonium solutions. The salts listed in 
Table 1 were dried under reduced pressure, and dissolved in 
distilled water. 

Chloroform. Commercially available chloroform was used 
without further purification, and was saturated with distilled 
water before use. 

All reagents were of analytical-reagent grade and were 
used without further purification. 

Procedure 

Two ml of 1.25 x IO-‘A4 copper(H) solution were trans- 
ferred to a 25-ml stoppered test-tube, and 1 ml of O.OlM 
hydroxylammonium sulphate, 2 ml of 0.5M potassium 
chloride, 1 ml of 0.5M acetate buffer (PH 7.0) and an 
appropriate amount of aqueous quatemary ammonium salt 
solution were added. The solution was diluted to 10 ml with 
distilled water. This brought the pH to about 5.9 and the 
ionic strength to 0.15. The solution was mechanically shaken 
with 10 ml of chloroform for 20 min in a room thermo- 
statically kept at 25.0”. After centrifugation of the mixture 
for 5 min at 4000 rpm, the aqueous phase was used for the 
determination of copper by the modified method of the 
previous work.2 

Transfer 2 ml of the aqueous solution (copper < 2.5 x 
10-sM) into a 25.ml stonnered test-tube. add 1 ml of O.lM 
ascorbic acid, 2 ml of d.i2M potassium chloride, 1 ml of 
0.6M acetate buffer (pH 5.0) and 1 ml of 2.5 x lo-‘M Ethyl 
Violet, and dilute to 10 ml with distilled water. Shake this 
mixture with 5 ml of toluene for 5 min. After phase separ- 
ation, measure the absorbance of the organic phase at 612 
nm against a reagent blank and calculate the concentration 
of copper in the original aqueous phase by means of a 
calibration graph. 
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Table 1. Salts of quatemary ammonium cation examined 

Tetra-alkylammonium salts 
Tetrapropylammonium chloride (C,H,), NC1 A+ 

(TPA-Cl) 
Tetrabutylammonium chloride (C&),NCl B* 

(TBA-Cl) 
Tetra-amylammonium chloride (C,H,,)J’JCl A 

(TAA-Cl) 
Alkyltrimethylammonium salts 

Cktyltrimethylammonium chloride C,H,NCH,),Cl B 
(OTMA-Cl) 

Decyltrimethylammonium chloride C,sHs,N(CH&Cl B 
(DTMA-Cl) 

Dodecyltrimethylammonium chloride C,,H,,NCH,),Cl B 
(DDTMA-Cl) 

Tetradecyltrimethylammonium chloride C,,H,NCH,),Cl B 
(TDTMA-Cl) 

*Suppliers: A, Wako Pure Chem. Ind.: B, Tokyo Kasei Co., Ltd. 

Calculation of the extraction constants 
In the aqueous phase, copper@) is reduced to copper(I) by 

the hydroxylammonium sulphate and the copper(I) chloro- 
complexes CuCl, C&l;, C&l:- and Cu,Cl:- are formed, 
with stability constants) log /I,,, = 2.70, log /l1,2 = 6.00, 
logj?,,=6.o;log&,=13.1. 

These complexes are distributed between the aqueous and 
organic phases: 

CuCl G= (CUCI), ; I& (CUCI) = [CuCl], /[CuCl] (1) 

CuCl,- + Q+x=(Q+ .CuCl,),; 

&(CuCl,) = [Q+.CuCl,],/[Q+][CuCl,] (2) 

CuCl;- + 2Q+ x=(Qr+ .CuCl:-),; 

&(CuCl:-) = [Q: .CuCl:-],/[Q+]*[CuCI~-] (3) 

Cu,Cl:- +ZQ+x=(Qi’.Cu,Cl:-),; 

Hence the following equation can be derived. 

DC, = Bl.lGx(cw 
81,2Wl 

+fL(CuCh-)[Q+l 

+B~.3~,(CuC~:-)~C1-1~Q+12 

B 1.2 

+2EZ,(Cu,CI:-)B,,[Q+.CuCl,-b[Q+l 

&OCl, MT,2 
(8) 

The quatemary ammonium ions will form ion-associates 
with a foreign anion, as shown in equation (9), and these are 
also extracted into the organic phase: 

Q’ + X-=(Q+ .X-),; 

UW=[Q+.X-MQ+IF-I (9) 

where X- is Cl- or CH,CQQ-. 
K,(Cu,Cl:-) = [Q; .Cu,Cl:-],/[Q+]z[Cu,Cl~-] (4) 

The distribution ratio of copper between the aqueous and 
organic phases, Dc, is given by 

D _ [CuCl], + [Q+.CuCl;], + [Qs+ .CuCl:-1, + 2[Q$ .Cu,Cl:-1, 
cu - [CUCI] + [CuCl, ] + (cucl:-] + 2[cu,cl:-] 

(5) 

The side-reaction coefficient of the complexes of copper(I) 
with chloride in the aqueous phase, a,-,,-,, is given by 

@CU(CI) = 
[cu+] f [CuCl] + [CuCl, ] + [cucl:-] + 2[cu,cl:-] 

Ku+1 

= 1 + lo*J(cl-] + UF*[cl-]* + 106~o[cl-]‘+ 2 x lo’~~‘[cu+][cl-]’ (6) 

When the total concentrations of copper and chloride in 
the aqueous phase are less than 2.5 x 10esM and O.lM The side-reaction coetEcie.nt for the quatemary ammonium 
respectively, the following relation can be obtained: ion aqxj is given by 

[CuCl,] 2.5 x IO-’ 
[“+I d B1.2p-]2 d 106,s x 10-r = 2’5 ’ ‘O-9 

IQ+]’ 
aQcx,=[Q,l= 

IQ+]+ [Q+.Ci-1, + [Q+ .CH,CQQ-I,, 

[Q’l 

Thus the fifth term on the right-hand side of equation (6) will 
then have a value 6 loo,‘. Hence it is reasonable to consider 
that in the aqueous phase almost all the copper(I) is present 
as CuCl;- , and equation (5) can be written as 

= 1 + K&l--)[Cl-] 

+ &(CH,COO-)[CH,CQQ-] (10) 

D 
CU 

= [CuCl], + [Q’ . CuCl,- 1, + [Q; CuCl:- 1, + 2[Q; . Cu,Cl:- 1, 
[CUCJi I 

(7) 
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Fig. 1. Effect of pH on extraction of copper with tetra- 
alkylammonium ions. The initial concentration of tetra- 
alkylammonium ion in the aqueous phase is 1 x lo-)M. 

1, TEA+; 2, TBA+; 3, TAA+. 

where [Q’]’ is the total concentration of quatemary 
ammonium ion that is not bound in ion-associates with the 
copper(I)chlor complex ions. 

As k;(Cl-) is larger than I&(CH,CCXY), e.g., for 
the tetrabutylammonium ion, log&(Cl-) is 0.07 and 
log &(CH,CQQ-) is -2.12,’ and the total aqueous 
concentrations of chloride and acetate are 0.1 and O.O5M, 
respectively, the third term on the right-hand side of equa- 
tion (10) is negligible compared with the second. Hence cox, 
can be approximated by 

ac(x,‘l+k;,(cl-)[cl-]=l+o.l~(cl-) 

and [Q’] can he calculated from [Q+]‘/apcxr The seven kinds 
of quaternary anunoniurn ion were examined, and by varying 
their concentration, the D,, values were determined. LogDc, 
values were plotted against log[Q+] and the extraction 
constants calculated. 

RESULTS AND DISCUSSION 

Effect of pH on the extraction 

The pH of a 2.5 x IO-‘M copper(II)/l x 10e3A4 
quaternary ammonium ion solution was varied from 
2.9 to 6.0 with acetate buffer, from 6.5 to 7.4 with 
phosphate buffer and from 8.2 to 9.7 with ammonia 
buffer. As shown in Figs. 1 and 2, the degree of extrac- 
tion is highest at about pH 6. The initial increase in 
extraction with pH can be attributed to the increase 
in reducing power of the hydroxylammonium ion 
(pK, = X97):6 

2NHSOH++N2 + 2HrO + 4H+ + 2e- 

EO = - 1.87 V 

The decrease in extraction at higher pH can be due 
to reaction with hydroxide:3 

Cu+ + OH-~~CU~O~,‘,~~ + fHr0 K, = - 14.7 

Therefore, the extraction was done at pH 6 (acetate 
buffer) in the further work. 

PH 

Fig. 2. Effect of pH on extraction of copper with alkyl- 
trimethylammonium ions. The initial concentration of alkyl- 
trimethylammonium ion in the aqueous phase is 1 x IO-‘M. 

l,OTMA+; 2, DTMA+; 3, DDTMA+; 4, TDTMA+. 

E$ect of amount of chloride 

As shown in Figs. 3 and 4, the extraction of copper 
first increased with increase in chloride concentration 
and then became constant. The larger the extraction 
constant of the quaternary ammonium ion, the lower 
the chloride concentration at which the extraction of 
copper became constant. In the region where the 
extraction was constant, CuCl; was the predominant 
copper species in the aqueous phase. A chloride 
concentration of 0.M was selected. 

Determination of the extraction constants 

As the chloride concentration in the aqueous phase 
was 0. lM, some quatemary ammonium ion was also 
extracted, as Q’ *Cl-. The value of [Q+] in the aque- 
ous phase at equilibrium can be corrected by using the 

i! 
W 

60 

0 0.1 0.2 0.3 0.4 0.5 

Concrntration at patalsium chloride t bl) 

Fig. 3. Effect of aqueous phase concentration of potassium 
chloride on extraction of copper with tetra-alkylammonium 
ions. The initial concentration of tetra-alkylammonium ion 
in the aqueous phase is 1 x 10W3M. 1, TEA+; 2, TBA+; 

3, TAA+. 
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Fig. 4. E&t of aqueous phase concentration of potassium 
chloride on extraction of copper with alkyltrimethyl- 
~o~urn ions. Initial inundation of alkyl~me~yl- 
ammonium ion in the aqueous phase is 1 x 10e3M. 

l,OTh4A+; 2, DTMA+; 2, DDTMA+; 4, TDTMA+. 

equation for %x,. If the ion-associate in the organic 
phase is Q+ =CuCl; , equation (11) can be derived: 

G(Q+)--~Q+~CuC1~1, 

=[Q+]+[Q+*Cl-],=C[Q+] (11) 

where C,(Q+) is the total concentration of quater- 
nary ammonium ion. If another ion-associate, such 
as Ql *CuCl:- or Q: qCu2Cl:- predominates in the 
organic phase, the following equations wilt apply 

C,(Q+) - 2[Q$ CuCl:-I, = [Q’] (12) 

C,(Q+) - 2[4: G&l:-], = [Q’] (13) 

The values of log D, were plotted against the values 
of log IQ+] calculated by using equations (1 l)-( 13) 

I. 

0. 

0. 
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$ 

-0. 
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6- 
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/ 

: 

o- 

Fig. 5T)plots of log D US. log[Q+]. [Cl-l = O.lM, Q+: 1 (0) 
TAA+, 2 (0) TDTMA+, 3 (A) DDTMA+, 4 (A) TBA+, 

5 (a) DTMA+, 6 (m) TPA+, 7 (0) OTMA+. 

Table 2. Extraction constants for ion-associates formed 
between dichlorocuprate(1) and quaternary ammonium ions 

log &a 

Qf Cl-* CUCli t 

WA+ -2.2 1.93 f 0.05 (3) 
TBA+ 0.16 4.10 f 0.03 (5) 
TAA+ 2.52 6.57 f 0.05 (4) 
OTMA+ - 1.59 1.57 f 0.03 (4) 
DTMA+ -0.41 2.83 & 0.1(3) 
DDTMA+ 0.77 4.12 f 0.07 (5) 
TDTMA+ 1.95 5.21 f 0.05 (4) 

*Calculated from log K,(Cl-) = C + A with C values and 
an A value reference 7. 

tMean value. The numbers in the parentheses are the number 
of measurements. 

and [Q+ ] = [Q+r 1%-S Straight lines with a slope 
of $1 were obtained (Fig. 5) for all the quatemary 
ammonium ions, when equation (11) was used for 
evaluation of IQ+]‘. From these results, it was con- 
cluded that under the conditions employed, the main 
species in the aqueous phase and the organic phase are 
CuCl; and Qi .CuCl; , respectively. Therefore, the 
simple equation 

Dcu = G;,(CuG’)IQ’l (14) 

can be derived. The extraction constants obtained 
from equation (14) are summarized in Table 2. 

Relation between the extraction c~~t~t~ and number 
of carbon atoms in the quaternary ammonium ion 

As shown in Fig. 6, a linear relationship was 
obtained between log k’,(CuCl;) and the number 
of carbon atoms in the quaternary ammonium ions 

‘2 
Y 
u 

f 
Y’ 

t? 

6- 

5- 

4- 

3- 

2- 

t- 

o- 
10 

4 I I t f 

12 14 16 16 20 

Number of carbon otoms in 

quaternory ammonium ion 

Fig. 6. Relation between log&(CuCl;) and number of 
carbon atoms in the quatemary ~o~urn ion. Tetra- 
alkylammonium cations (0): 1, TPA+; 2, TBA+; 3, TAA+. 
Alkyltrimethylammonium cations (A): 4, OTMA+; 

5, DTMA+; 6, DDTMA+; 7, TDTMA+. 
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Table 3. Value of A for dichlorocuprate(1) ion 

Q’ C’ log K, (CuCl,-)t A for CuCl; 

OTMA+ 6.49 1.57 -4.92 
DTMA+ 7.67 2.83 -4.84 
DDTMA+ 8.85 4.12 -4.73 
TDTMA+ 10.03 5.21 -4.82 

Mean -4.83 fO.l 

*Calculated from C = 0.59&f. 
tFrom Table 2. 

of a given type. For an identical carbon number the 
extractability with alkyltrimethylammonium cations 
(Group I) is larger than that with tetra-alkyl- 
ammonium cations (Group II), and the difference in 
log II;, between these groups is about 0.4. This indi- 
cates that the electrostatic attraction of the cations in 
Group I for the anionic complex is larger than that of 
the cations in Group II, because the methyl group is 
the smallest alkyl group. The slopes of the two lines 
were identical, and from them the contribution of a 
methylene group to the extraction constant (log ZQ, 
was found to be about 0.59 on average, in good 
agreement with the value previously reported.4 

Extractability of dichlorocuprate(I) 

The possibility of estimating an extraction constant 
has been examined. The value of log k; for an ion- 
associate was regarded as the sum of two quantities, 
C and A, associated with the cation and the anion, 
respectively: 

logK,=C+A (15) 

As the standard reference for C, a hypothetical cation, I + [II -N- , 

which has no alkyl groups, was chosen, and assigned 
the value C = 0. A C value for any alkyltrimethyl- 
ammonium cation can then be calculated from 
C = 0.59n where n is the total number of carbon 
atoms and 0.59 is the contribution from a methylene 
group. The A values calculated for the dichloro- 
cuprate(1) anion from K, and equation (15) are listed 
in Table 3: the mean value of A was -4.83. From this 
value, it was found that the extractability of certain 
anions was in the order ReO; (A = -4.45)‘~ 
CuCl; > ClO, (A = -5.03).’ 
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Summary-A fast and sensitive photokinetic method for the determination of acriflavine, rivanol, Acridine 
Orange, Acridine Yellow and proflavine is described. It is based on the rate of photoreduction of 
methylviologen in the presence of EDTA, sensitized by these diaminoacridines. The rate is monitored 
spectrophotometrically by the formation of ferroin, which is generated after reduction of iron(II1) by the 
meihylvitilogen caiidn radical in the presence of l,lO-phenanthroline. The method has been successfully 
applied to the determination of acriflavine and rivanol in pharmaceuticals. 

The diaminoacridine dyestuffs are potent anti- 
microbial and bactericidal agents which have been 
employed as amoebicides. They have also been used 
as an absorptive and fluorescent probe for deter- 
mination of nucleic acid structure and the interaction 
of aromatic cations with nucleic acids. Rivanol has 
been employed in the treatment of dysentery and 
blepharitis and in bovine streptomastitis,’ acriflavine 
in the treatment of laryngitis and pharyngitis and in 
the detection of carboxylic acid groups in organic 
compounds,2 and Acridine Orange in the deter- 
mination of nucleic acids with glyoxal. 

Various analytical techniques have been applied 
for the determination of diaminoacridines. Fluori- 
metric methodP are considered to be the most 
sensitive. Spectrophotometric methods,bs electro- 
chemical methods,’ and high-performance liquid 
chromatographylo have also been used. 

The photoreduction of a&dine dyes at 450 nm 
(the absorption maximum for acridine derivatives) 
was investigated by Millich and Oster,” who found 
that allylthiourea and ascorbic acid reduced 
proflavine at pH 4 with a quantum yield of 0.01. 

Much attention has been focused on the photo- 
sensitized reduction (by an electron relay, R) of 
methylviologen (MV2+) because the oxidized relay, 
R,,X can be regenerated by a suitable electron donor, 
D, and because reduced methylviologen (MVt ) is 
reoxidized in the presence of a suitable catalyst to 
MV2+ with concurrent release of hydrogen from 
water. 

*To whom correspondence should be addressed. 

Hydrogen is therefore photogenerated at the expense 
of a sacrificial donor.12 

The photoreduction of methylviologen by EDTA 
at pH 6 with catalytic quantities of diaminoacridines 
shows quantum yields in the range 0.3_0.7.13-‘7 The 
photoreduction involves transfer of an electron from 
EDTA to the triplet state of the diaminoacridine to 
form the singly reduced diaminoacridine radical, 
which then loses an electron to methylviologen to 
form the stable blue singly reduced radical cation of 
methylviologen.16*” 

Here, a sensitive catalytic photokinetic method 
is described for the determination of proflavine 
(3,6_diaminoacridine), acriflavine (3,6-diamino-lO- 
methylacridine), Acridine Yellow (2,7-dimethyl-3,6- 
diaminoacridine), Acridine Orange [3,6_bis(dimethyl- 
amino)acridine] and rivanol (2-ethoxy-6,9-diamino- 
acridinium lactate). It is based on the generation of 
MVt through photolysis of the MV2+/EDTA/di- 
aminoacridine dye system. MV+ reduces iron(II1) in 
the presence of l,lO-phenanthroline to form ferroin, 
which is measured by spectrophotometry. The pro- 
posed method is more sensitive than those cited 
above and only the fluorimetric method has similar 
sensitivity. 

EXPERIMENTAL 

Reagents 
The reagents were of analytical grade; doubly distilled 

water was used for the preparation of solutions and for all 
dilutions. 

Standard solutions (lO-jM) of acriflavine, A&dine 
Orange, Acridine Yellow, proflavine and rivanol were pre- 
pared by dissolving the compounds, previously purified by 
recrystallization twice from water-ethanol mixtures.1**‘9 
Working standards were prepared from these solutions as 
required, by dilution with water. 

Apparatus 

The light source was a halogen lamp (Sylvania, 24 V, 
250 W). The illumination device has already been de- 

TAL. 36,5+z 
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.scribed.2o The absorbance was measured with a Pye-Unicam 
SP8-200 spectrophotometer equipped with IO-mm glass 
cells. 

Procedure 
The sample must always be prepared under diffuse light. 

To a 25-ml standard flask add 2 ml of 244 acetate buffer 
(pH 5.7), 5 ml of 0.1M EDTA, 2 ml of O.OOlM iron(III) 
[as iron(W) nitrate], 2 ml of 1% l,lO-phenanthroline solu- 
tion, 5 ml of 0.005M methylviologen and an appropriate 
volume of the diaminoacridine solution (standard or 
sample) to give a final concentration between 0.1 and 
13-PM. Dilute to the mark with water and transfer to the 
reaction cell, maintained at 25 f 0.5”. Switch on the halogen 
lamp of the photolysis device and irradiate the solution for 
15 min. Transfer a portion of the irradiated solution to the 
spectrophotometer cell and measure the absorbance at 
510 nm. 

RESULTS AND DISCUSSION 

Under anaerobic conditions and over a wide pH 
range, the photoreduction of MV2+ by EDTA, 
photosensitized by rivanol, acriflavine, proflavine, 
Acridine Yellow or Acridine Orange is accomplished 
in a matter of seconds by a source of white light,2’ 
according to the equation: 

Fig. 1. Rate of photoreduction as a function of pH (relative 
to rate for proflavine at pH 6, assigned a value of 100): (1) 
proflavine and acriflavine, (2) Acridine Orange, (3) Acridine 

Yellow, (4) rivanol. 

2MV2+ + EDTA + Hz0 + 2MVt 

+ ED-triacetic acid + CH,O + CO2 + 2H+ 

where A represents the diaminoacridine, and ED is 
ethylenediamine. 

The basic rate equation for the photochemical 
reaction is: 

with oxidants, with reconversion into methyl- 
viologen. When an oxidant such as iron(II1) is added 
to a solution of MV2+, EDTA, diaminoacridine and 
1, IO-phenanthroline at pH 5 (acetate buffer), and the 
mixture is illuminated, iron reacts with H,Y*- to 
form the Fey- complex, MV+ is formed as described 
above, and the reaction is then: 

MVt + 2FeY- + 6phen + 2H+ 

+ MV*+2Fe(phen):+ + H,Y*- 

The intensity of absorbed radiation can be obtained The cycle is repeated until no iron(II1) remains. It 
by application of the Beer-Lambert law: is well known that the reduction of FeY- and the 

a = c4&,, 11 - exp(-2.W[Alll 
4 

where 1, is the ith photochemically active wave- 
length incident on the sample, dl, is the quantum 
yield at the given wavelength, &A, is the intensity 
of the incident radiation, cl, the molar absorptivity 
of the diaminoacridine at wavelength li and b the 
path-length. 

/= 

o-o-o-o 
1 

When the absorbance of the photoactive com- 
ponent is small (<0.05), a simplified equation is 
obtained by a Taylor-series expansion of the 
exponential term: 

This means that the rate of the photochemical reac- 
tion is a linear function of the instantaneous concen- 
tration of the diaminoacridine. This is the basis for 
the photochemical kinetic method.22~23 

l ’ I I 

1 2 

cEDTAI ,lO"M 

The product of photoreduction of methylviologen 
by EDTA, sensitized by the diaminoacridines, i.e., 
MV+, is a strong reductantUSz5 and reacts rapidly 

Fig. 2. Dependence of Fe(II) (phen), yield on initial concen- 
tration of EDTA at pH 5.7 (acetate buffer), [MV*+] = 
O.OOlM, @hen] = O.O04M, [Fe(III)] = 8 x 10ms M, diamino- 
a&dine concentration 2 pm. Irradiation time 15 min: 
(1) proflavine and acriflavine, (2) Acridine Orange, 

(3) Acridine Yellow, (4) rivanol. 
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Fig. 3. Dependence of Fe(II)(phen), yield on initial con- 
centration of methylviologen. [EDTA] = O.O2M, other 
conditions as for Fig. 2: (1) proRavine and acriflavine, 

(2) A&dine Orange, (3) A&line Yellow, (4) rivanol. 

reaction between iron(I1) and l,lO-phenanthroline 
are rapid, whereas the photoreduction of methyl- 
viologen is much slower, thus the photochemical 
reaction is the rate-determining step. The influence of 
the variables on the rate of photogeneration of the 
Fe(II)-phenanthroline complex was studied in order 
to develop a kinetic method for the determination of 
the diaminoacridines listed. 

E#ect of reaction variables 

The influence of pH on the rate of the photo- 
chemical reactions is shown in Fig. 1. The de- 
pendence of the Fe~hen)~+ yield on the initial 
concentrations of EDTA, MV2+ and 1,10- 
phenanthroline is presented in Figs. 2-4. The 
yields of Fe(phen):+ reach maximal values at 
[EDTA] > lo-‘M, [MV2+] 36 x lo-‘M and 
[ 1 , 1 0-phenanthroline] 2 2 x 10b3M. 

The iron(II1) concentration was varied from 5 x 
lOis to 2 x lo-‘M, while the other variables were 
maintained constant. No change in the rate of for- 
mation of ferroin was detected. Therefore 8 x 10b5M 
iron(III) is the ~o~end~ concentration. 

The rate of the overall redox process is slightly 
affected by temperature changes in the range 20-40”. 
A temperature of 25 f 0.5” was selected. 

Under aerobic conditions, the singly charged 
cation radical, MY, generated through the photo- 
chemical reaction, reduces iron(II1) and oxygen. 
However, as the rate of reduction of oxygen is much 
slower than that of iron(III), the former is not 
significant while any iron(II1) remains in the solution, 
Thus it is possible to work with solutions open to the 
atmosphere. 

For each illumination and at a fixed concentration 
of the ~a~noac~dine, the concentration of ferroin 
formed is a linear function of the i~adiation time 
(Fig. 5). Thus greater ~nsiti~ty is obtained at longer 

0.4 

0.2 

1 2 3 4 5 

t l,lO-phM3,10-~Y 

Fig. 4. Dependence of Fe(II)(phen)a yield on initial con- 
centration of IJO-phenanthroline. Conditions and curve 

numbers as for Figs. 2 and 3. 

irradiation times. Ill&nation for 15 min was chosen 
as a compromise between sensitivity and duration of 
the analysis. 

The recommended conditions, therefore, are 2 x 
10T2M EDTA, 8 x 10mSA4 Fe(III), 10m3M MV2+, 
4 x lo-‘M l,lO-phenanthroline and pH 5 (acetate 
buffer), at 25 f 0.5’ with an irradiation time of 
15 min. 

Determination of diaminotwidines 

Under the recommended conditions, the cali- 
bration graph of absorbance VS. molar&y was linear 
for acriflavine, Acridine Orange, A&line Yellow, 
proflavine and rivanol. Table 1 shows the concen- 

IO 20 
t tmin) 

Fig. 5. Muence of irradiation time on yield of Fe@)- 
(phenh for acrifiavins: (1) open to atmospheq (2) in 
absence of oxygen; pH 5.7, 2 x 10-W EDTA, 1 x IO-3M 

hW+, 4 x IO-‘M phen, 2@# acritlavine. 
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Table 1. Photokinetic determination of diaminoaridines 

Concentration LOD,26 LGQ,% 
range, PM r.s.d., %+ PM PM 

Proflavine 0.1-2 1.4 0.04 0.08 
Acriflavine 0.1-2 1.3 0.04 0.08 
A&dine Orange 0.9-7 1.2 0.11 0.19 
Acridine Yellow 0.8-7 1.0 0.12 0.20 
Rivanol 1.3-13 0.9 0.14 0.24 

*Relative standard deviation at 0.7@ level for proflavine and 
acriflavine and at 2.5pM level for Acridine Orange, Acridine 
Yellow and rivanol. 

Table 2. Determination of rivanol and acriflavine in pharmaceutical 
preparations 

Samole* 

Amount Amount found, mg 
taken, 

Source mz Photokinetict Fluorimetri& 

Rivanol 
Blefarida 
Bucodrin 
AcrijPavine 
Aming solution 
Gargling 
Trinlaflavine 

Cusi 0.15 0.153 f 0.086 0.151 
Fardi 2.0 1.90 f 0.04 1.92 

SAPH 2000 2004*8 2002 

SAPH 500 502 f 3 501 

*Composition of the samples. Blefarida: cortisone acetate 4 mg; chlor- 
amphenicol20 mg; ethacridine lactate 0.15 mg; zinc oxide 50 mg; excipient 
1 .O g. Eucodrin: sulphanilamidothiazole 100 mg; rivanol 2 mg; oxyoleic 
acid ephedrine ester 3 mg; balsamic excipient 1.9 g. Arnirrg solution: 
acriflavine 2 g; water 50 g; ethyl alcohol 50 g. Gargling Triplaflwine: 
acriflavine 0.5 g; glycerine 15 g; saccharin 0.12 g; water 500 g. 

TAverage of four determinations f s.d. 
#Average of two determinations. 

tration range, limit of detection (LOD) and limit of 

quantification (LOQ) for the determination of each 
allalyte. 

The method becomes twice as sensitive if batho- 
phenanthroline is used instead of l,lO-phenan- 
throline. With a longer irradiation time (20 min) and 
working with deaerated solutions, the lower limit for 
acriflavine is decreased to 2 x lo-*M. 

The method is very selective. The only interferents 
observed were oxidants and reductants that, under 
the recommended conditions, can oxidize ferroin or 
reduce the Fe(III)-EDTA complex; these species 
must be previously destroyed. The aminoacridines do 
not interfere because their excited state is ineffective 
in catalysing the photochemical reaction. Thus it has 
been possible to determine acriflavine and rivanol in 
the presence of 9-aminoacridine. 

Application to real samples 

The method was tested by analysing pharma- 
ceuticals. The sample was dissolved in water or 
O.OlM hydrochloric acid and a suitable aliquot was 
used, Table 2 summarizes the results obtained, to- 
gether with the nominal contents and data obtained 
by fluorimetry. 
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CHROMATOGRAPHIC DETERMINATION OF PHENOLS 
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Summary-Normal-phase high-performance liquid chromatography has been used for separation of 
phenol and its monoderivatives. Multi-component mixtures of hexane (non-polar component) with 
butan-l-01, chloroform, butyl bromide, butyl chloride or diethyl ether (polar additives) were used as 
selective eluents. Silica gel “Silasorb 600” with specific surface area of about 600 m*/g and average particle 
size of u 10 pm was used as the sorbent. Phenol and the o-, m-, p-isomers of cresol were concentrated by 
extraction with n-butyl acetate from aqueous solutions. A method for determination of microamounts of 
phenols in aqueous solutions in the presence of 160-fold amounts of aromatic hydrocarbons has been 
developed. 

Phenol and its derivatives are among the most toxic 
and widely spread pollutants in industrial effluents 
and natural waters. 

Current methods (mostly spectrophotometrk-‘) 
usually fail to determine phenols without a pre- 
liminary separation. Unfortunately, the preliminary 
separation considerably complicates the analysis and 
does not always ensure accurate results, especially for 
isomers. Existing techniques determine only the total 
content of phenols in effluents and natural waters, and 
in many cases this approach is hardly satisfactory. 
It is often extremely important to identify individual 
pollutants and to determine individual concentra- 
tions, as the permissible concentration limits for 
various phenols and their isomers significantly differ, 
sometimes by factors of tens and even hundreds.4 

High-performance liquid chromatography (HPLC) 
is especially advantageous for separation of organic 
mixtures, e.g., of phenols by either the normal-phase 
(polar sorbent, non-polar eluent) or reversed-phase 
(non-polar sorbent, polar eluent) technique.r-” In the 
present investigation normal-phase HPLC was applied. 
It is characterized by higher selectivity in separating 
O-, I?I- and p-isomers of organic compounds’4*‘s and 
better reproducibility of the surface adsorption prop- 
erties for silica gels than for “bonded” phases (and 
the former are considerably cheaper than the latter). 
As the content of phenol derivatives in effluents and 
especially in natural waters is often rather low, pre- 
concentration by adsorption or extraction is recom- 
mended. The latter has the advantage of transferring 
the phenols from the aqueous to the organic phase, as 
required for normal-phase HPLC. 

EXPERIMENTAL 

Apparatus 

A “Tswett-306” liquid chromatograph equipped with a 
spectrophotometric detector (2 200-700 nm) and a piston 

pump giving eluent flow-rates in the range OS-5 (kO.1) 
ml/min was used. Stainless-steel columns (200 x 6 mm and 
300 x 6 mm) were slurry-packed, using the suspension 
procedure, with silica gel Silasorb 600 (“Lachema”, 
Czechoslovakia), (specific surface area about 600 m’/g and 
average particle size -10 pm). The column efficiency in 
terms of p-nitrophenol, was ~5000 theoretical plates. 

A “Milichrom” microcolumn liquid chromatograph 
equipped with a spectrophotometric detector (1190-360 nm) 
and piston pump (2500 pl capacity) for eluent flow-rates in 
the range 2-600 pl/min was also used. Stainless-steel columns 
(120 x 2 mm) were slurry-packed with Silasorb 600 (-600 
m*/g specific surface area, average particle size -6 pm). 
The column efficiency in terms of p-cresol was 9000-10000 
theoretical plates. 

Reagents 

Samples were introduced into the chromatograph with an 
MS-10 microsyringe. Two-component mixtures (from 99:l 
to 30 : 70 v/v) of hexane or heptane (non-polar component) 
with butan-l-01, chloroform, butyl bromide, butyl chloride 
or diethyl ether (polar additives) were used as eluents. Phenol, 
and its o-, m- and p-substituted methyl, chloro, bromo, 
iodo, nitro, amino and hydroxyl derivatives were used as test 
materials. Phenol and m-cresol (pure) were distilled under 
reduced pressure (79-W/18 mmHg and 92-93”/12 mmHg, 
respectively). The purity of the substances was verified chro- 
matographically and by refractometry. Absorption spectra 
of the phenol solutions in the eluents and in butyl acetate 
were recorded with a Hitachi-124 spectrophotometer. 

Procedure 

A stable solution of phenol (205 pg/ml) was preparedI by 
dissolving 0.0517 g of distilled phenol and 0.001 g of maleic 
acid in 96% ethanol and making up to volumes with the 
same solvent in a 250-ml standard flask. Phenol solutions in 
distilled water and in n-butyl acetate were prepared for 
chromatographic analysis by dissolving weighed amounts of 
phenol in the appropriate volume of solvent. The solutions 
were further diluted as required, for preparation of the 
calibration graph. The phenols were extracted into n-butyl 
acetate by a salting-out procedure in which 45 g of anhydrous 
sodium sulphate and 3 ml of n-butyl acetate were added to 
250 ml of aqueous phenol solution and the mixture was 
shaken for 15-20 min, until equilibrium was attained. 
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REWL’I’S AND DRKW3SION 

Phenols are polar compounds that are strongly 
adsorbed on silica gels. Consequently, in normal-phase 
liquid chromato~aphy phenols should have long 
retention times, and analysis of phenol-containing 
samples is slow, which is regarded as extremely un- 
desirable in modern analysis. To reduce the retention 
time, a polar solvent (butan-l-01) with high elution 
strength (e” = 0.68) was added to a non-polar eluent 
(hexane) with low elution strength (6’ = O.Ol), to give 
a greater or smaller (depending on the concentration 
of the polar additive) deactivation of the surface silanol 
groups in the sorbent. Even a quite low butan-l-01 
concentration considerably shortens the retention 
times and lowers the capacity factors of the phenols 
(Table 1). At low butan-I-ol con~n~ations in the 
eluent (,<2.5% V/Y) the retention times sharply in- 
crease, especially For the most polar phenol deriva- 
tives (amino-, hydroxy- and nitrophenols), and the 
chromatographic analysis becomes too complicated. 
The relative retentions of these substances (elution 
with 12.5% v/v butan-l-01 in hexane) are presented in 
Table 2. The selectivity (a), i.e., the retention relative 
to phenol is defined as 

a= Vii- vo 
V - v,’ (1) 

R,ph 

where VR is the retention volme of the test substance 
(ml), V, the retention volume of a non-sorbed sub- 

stance (CC&) (ml) and VRsp,, the retention volume of 
phenol (ml). 

It follows from Tables 1 and 2 that the retention of 
phenols si~fi~ntly depends on both the nature and 
the position of the substituent. The retention of halo- 
gen- and methyl-substituted phenols is the weakest; 
it conside~bly increases with change of substituent, 
in the series Cl~CH,<NO,<H<OH<NH,. At 
low butan-l-01 content in the eluent (~2.5% v/v) the 
retention series for the substituted phenols may 
change (Table 1 and Fig. I), For a given substitu~t, 
the retention times of the isomers depend on the 
position of substitution, in the order o- cm- <p. 
The e-values are also related to the dipole moments 
of the isomers,15 increasing in the order o- c: m- <p- 
for the chloro-, methyl- and nitro-phenol and 
p- < m- < o- for the hydrox~henols (Table 2). This 
difference is apparently due to the different character 
of the substituent: the OH-group is a strong electron- 
donor and NO* and CI are electron-acceptors. Besides 
that, a strong intramolecular hydrogen bond may be 
formed in o-hydroxyphenols, resulting in decreased 
retention of the o-isomers. 

These data indicate the possibility of separating 
mixtures ofphenols differing in the nature and position 
of the substituent, by changing the elution strength of 
the mobile phase. Chromatograms of model phenol 
mixtures (Figs. l-4) show that some eluents that are 
rather simple in composition can separate various 
mono-su~titut~ phenols (Fig. 1) and their isomers 

Table 1. The corrected retention times (t;(, min)* and capacity factors (k’)’ of phenols 
on silica gel, as a function of butan-l-01 content in hexane (column 300 x 0.6 cm, eluent 

flow-rate (F) 1.34 ml/mint 

Butan-l-01 content, % u/u 

1.0 1.5 2.0 2.5 

Substance rk k’ tk k’ G k’ t; k’ 

Phenol 12.0 2.93 8.1 2.31 5.4 1.54 4.5 1.28 
o-Cresol 8.6 2.10 

z 
1.54 4.0 1.14 3.4 0.91 

m -Cresol 12.0 2.93 
81 

1.86 4.9 1.40 4.0 1.14 
p-Cresol 12.5 3.05 2.31 5.3 1.51 4.5 1.28 
m-Cblorophenol 9.2 2.24 1.83 4.2 1.20 3.3 0.94 
p-Chlorophenoi 12.7 3.10 ;4 2.48 5.7 1.63 4.4 1.26 

*t& = ta - to; k’ = (tR - tO)/rO, where ta is the retention time of the analyte, t, the 
retention time of a non-sorbed substance (Ccl,). 

tFor 1% v/v butan-l-01 content in hexane, F = 1.14 ml/min. 

Table 2. Effect of the nature and position of a phenol substituent on the 
relative retention (a) of phenol derivatives, eluent 12.5% v/v butan-l-01 in 

hexane fi = dipole moment, Debye) 

ortho- meta- para - 

Substituent a P a Ir a . lr 
:I- 

:z 0:69 

1.43 0.68 2.17 0.94 0.83 2.68 2.21 

EL 1.36 
NO; ::: 

0.93 
0.71 0.92 :*z 

0.99 I.64 

2.26 2.58 3.10 1:53 
I .26 5.05 
4.88 0 

23.2 1.86 50.2 2.19 124.2 
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0 3 6 9 

t,(mirJ 

Fig. 1. Chromatogram of model mixture of benzene (1) and 
monosubstituted phenols: o-nitrophenol(2), o-chlorophenol 
(3), ocresol(4). Column Silasorb 600, 10 pm, 200 x 6 mm; 
mobile phase 2.5 v/v butan-l-01 in n-hexane; 25°C; spectro- 

photometric detector (254 nm). 

(Figs. 2, 3) in acceptable lengths of time. When the 
sample contains phenols considerably differing in 
polarity and, consequently, in retention time, the 
method of stepwise gradient elution (Fig. 4) may 
be successfully applied. It significantly extends the 
possibilities for separating complex mixtures with 
instruments not provided with a gradient elution 
system. 

Not only the elution time, but also the selectivity 
and resolution may be controlled by changing the 
composition of the eluent. Eluents capable of separat- 
ing mixtures of phenol with cresol isomers are given 
in Table 3, which makes it easy to choose the most 
suitable eluent, depending on whether all the com- 
ponents of the mixture are to be determined or only 
some of them (Fig. 3). 

1 3 ; 

0 4 6 12 16 

t,(mln) 

Fig. 2. Chromatogram of model mixture of nitrophenols and 
phenol: (1) o-Nitrophenol. (2) m-nitrophenol, (3) phenol, 
(4) p-nitrophenol. Column Silasorb 600, 10 pm, 200 x 6 mm; 
mobile phase 1% v/v propan-2-01 and 6% v/v diethyl ether 
in n-hexane; 25°C; spectrophotometric detector (270 nm). 

Eluents containing methylene chloride (one of the 
most widely used mobile phase modifiers in normal- 
phase chromatography) have lower selectivity for 
cresols (Fig. 5) than chloroform-hexane eluents do 
(Fig. 3). 

The nature and composition of the eluent can also 
considerably affect the ultraviolet-detection of the 
separated phenols. The eluent composition should 
be selected according to the absorption bands of the 
eluent and UV sample components, to ensure that 
the detector wavelengths correspond to the maximum 
absorbance for the sample components. In this 
way, the sensitivity of detection can be considerably 
increased. Moreover, detection at more than one 
wavelength makes it possible to identify the compon- 
ents of the mixture from the absorbance ratios. This 
is well illustrated by the LC separation of a phenol- 
cresol mixture (Fig. 6). Analysis of such mixture is 
rather complicated when other analytical methods are 

, I I 
0 6 10 15 20 

t,(min) 

Fig. 3. Chromatograms of model mixture of cresols and 
phenol: (1) o-cresol, (2) mcresol, (3) p-cresol, (4) phenol. 
Column Silasorb 600, 6 pm, 120 x 2 mm; mobile phase 
40% v/v chloroform in n-hexane; 25°C; spectrophotometric 

detector (270 nm). 
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Fig. 4. Chromatogram of n-butyl acetate extract of phenol from aqueous solution. (1) n-butyl acetate, 
(2) phenol, (3) o-aminophenol, (4) m-aminophenol. Cohmm Silasorb 600, 10 pm, 200 x 6 mm; 25°C; 
spectrophotometric detector (270 nm). Stepwise elution: n-hexane-butan-l-01 (97.5: 2..5), after 12 mm 

(85: 15). 

Besides the chromatographic separation itself, the 
preliminary extraction is another important stage in 
the determination of phenols in aqueous solutions, 
since it brings the phenols into the organic phase 
needed for injection for normal-phase chromatography 
and also provides preconcentration. The extraction 
should also eliminate possible interferences from any 
hydrocarbons present in samples. 

The extractant should provide high distribution 
coefficients for the analytes, have good solubility in 
the eluent, a retention time that is both minimal and 
different from those of the analytes, and minimum 
absorptivity at the detection wavelength. From the 
literature data,*gv20 n-butyl acetate was selected as the 
extractant. 

Phenols often have to be determined in the presence 

of large quantities of hydrocarbons, e.g., aromatic 
hydrocarbons in effluents from coke plants. To study 
this problem, a model phenol solution (5 pg/ml) was 
prepared in water saturated with benzene and naph- 
thalene. At 20” the solubilities of benzene and naph- 
thalene in water are 0.82 and 0.03 mg/ml respectively, 
so their total concentration in the solution was about 
160 times that of the phenol. The degree of extraction 
was increased by use of anhydrous sodium sulphate 
(80 g/l.) as salting-out agent. The chromatographic 
data for the extract are presented in Table 4. 

Figure 4 and Table 4 demonstrate that phenol and 
its derivatives, extracted by n-butyl acetate from aque- 
ous solutions, can be separated chromatographically 
and if the eluent composition is selected properly, the 
extractant and a large excess of aromatic hydro- 

Table 3. Selectivity of phenol and cresol isomer separation (er) as a function 
of eluent composition (second component hexane) 

Polar additive u 
to eluent, 

% v/v Instrument m-/o- p-lm- phlp- 

CHCI,, 15 Tswett-306 1.75 1.07 1.08 
i-C, H,OH, I 

+ C,HsBr, 6 1.42 1.19 1.02 
I-CrH,OH, 1 

+ CHCI,, 6 1.36 1.05 1.12 
i-C,H,OH, 1 Milichrom 1.29 1.06 1.04 
CHCI,, 40 1.60 1.05 1.08 
CHCl,, 50 1.60 1.05 1.08 
CHCl,, 60 1.76 1.05 1.09 
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Table 4. Retention times (I~), corrected retention volumes (Vi) and capacity factors (k’) 
for the extractant, aromatic hydrocarbons and phenol on silica gel (column 200 x 0.6 cm, 

eluent 2.5% u/o butan-l-01 in hexane, flow-rate 1.4 ml/mm) 

Corrected Corrected 
Retention retention retention 

time time volume, Capacity 
(ra), r&=ta-tO, V&=tk F, factor, 

Substance set SIX ml k’ = kn - t,Mn 

Ccl, (non-sorbed) 165 0 0 0 
Benzene 168 3 0.07 0.02 
Naphthalene 168 3 0.07 0.02 
n-Butyl acetate 168 3 0.07 0.02 
Phenol 360 195 4.55 1.18 

carbons do not interfere, since they have considerably 
smaller retention volumes and are eluted in one peak 
at the beginning of the chromatogram. 

The interference of aromatic hydrocarbons can 

1 
0- 15 

tatmin) 

Fig. 5. Chromatogram of model mixture of cresols and 
phenol: (1) otresol, (2) m-cm-sol, (3) p-cresol, (4) phenol. 
Column Silasorb 600, 6 pm, 120 x 2 mm; mobile phase 
70% v/v methylene chloride in n-hexane; 25°C; spectro- 

photometric detector (270 nm). 

also be eliminated by selecting the optimal detection 
wavelength. This is especially important for the 
determination of weakly retained phenol derivatives 
with retention times close to those of aromatic hydro- 
carbons. The resolution of their peaks may be rather 
bad (c$ o-nitrophenol and benzene with detection at 
254 nm, in Fig. 1). When the detection wavelength is in 
the region for maximum phenol absorptivity (270 nm) 
the absorptivity of both n-butyl acetate and benzene 
is very low and their peaks almost disappear. This 
allows, for example, determination of o-nitrophenol 
in the presence of benzene (Fig. 7). 

The determination of o-cresol in the presence of 
phenol and m- and p-cresols may be taken as an 
example of HPLC analysis of aqueous solutions of 
phenols. The peak height (h, mm), is found to depend 
on the quantity of the o-cresol (M, pg). A typical 
calibration equation is 

h = (49 f 5.O)M + (10 f 2.7) 

for M = OS-3 pg. 

(2) 

o-Cresol may only be determined if the distribution 
coefficient, D, and the degree of extraction, R, are 
known: 

D = C,,& (3) 

where C,, and C, are the concentrations of the sub- 
stance in the organic and aqueous phases, respectively, 
and 

where V, and V, are the volumes of the organic and 
aqueous phases, respectively. Table 5 lists the D and 

Table 5. Distribution coefficient (D) and degree of extraction 
(R) of ocresol between n-butyl acetate and water (salting- 

out with 80 g/l. Na,SO,) 

Concentration 
Concentration of o-cresol 

of ocresol in n-butyl 
in water, acetate, 

rcalml ux Iml D R, % 

0.264 48 182 67.1 
0.264 48 182 67.1 
0.240 50 208 69.1 
0.251 49 195 68.6 
0.229 51 223 71.4 
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Fig. 6. Chromatograms of a model mixture of cresols and phenol (1) o-cresol, (2) m- and p-cresols, 
(3) phenol. Column Silasorb 600,6 pm, 120 x 2 mm; mobile phase 1% v/v propan-2-01 in n-hexane; 29C; 

spectrophotometric detector: (a) 210, (b) 218, (c) 270 nm. 

! 1 
n 

I I I 
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Fig. 7. Chromatogram of model mixture of benzene and 
monosubstituted phenols: (1) benzene, (2) o-nitrophenol, 
(3) o-chlorophenol, (4) ocresol. Column Silasorb 600,lO pm, 
200 x 6 mm; mobile phase 2.5% v/v butan-l-ol in n-hexane; 

2ST; spectrophotometric detector (270 nm). 
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Fig. 8. Chromatogram of n-butyl acetate extract of phenol 
and cresols from aqueous solution: (1) ocresol, (2) m- and 
ptresol, (3) phenol. Column Silasorb 600, 10 pm, 200 x 6 
mm; mobile phase 15% v/v chloroform in n-heptane; 25°C; 

Spectrophotometric detector (270 nm). 
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R values for extraction of otresol from aqueous 
solutions with n-butyl acetate and salting-out with 
sodium sulphate. A model solution of phenol, o-, m- 
and p-cresol (each 1 pg/ml) was prepared by mixing. 

The ocresol. 2.55 ml of o-cresol solution (98 pg/ 
ml), 1.66 ml of m-cresol solution (150 pg/ml), 2.5 ml 
of p -cresol solution (100 pg/ml) and 1.25 ml of phenol 
(200 pg/ml), and diluting accurately to 250 ml. Then 
20 g of anhydrous sodium sulphate were added to 200 
ml of the mixture, and this solution was shaken with 
3 ml of n-butyl acetate for 20 min. Finally 10 ~1 of 
the extract were injected by microsyringe into the 
chromatographic column. 

The chromatogram of the extract is given in Fig. 8. 
In this case we were mainly interested in the deter- 
mination of o-cresol, so the eluent composition was 
selected (Table 3) to give maximum selectivity (c+, = 
1.75) to separate the o-cresol from the m-cresol (the 
species eluted nearest to it). The concentration of 
o-cresol in the model mixture (C,) was calculated 
from the peak height and the equations: 

M v, 1 cm=- 
v v+o ( > s D 

or 

1Ooiu v 
C,=d 

Vs V,R 

where Vs is the volume of the injected sample. The 
value obtained was 1 .Ol pg/ml o-cresol, with a rela- 
tive standard deviation of 7% (n = 3, range method). 

The results show that the proposed method of 
extractive preconcentration followed by LC analysis 
is fast and reliable for the determination of phenols 
and their isomers in aqueous solutions, 
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Summary-Controlled-porosity glasses (CPGs) are often applied as sorbents in chromatography. Besides 
having high thermal, chemical and mechanical resistance they are characterized by a very narrow pore-size 
distribution and the choice of mean pore diameter and porosity covers a wide range. In spite of these 
advantages, their range of use in chromatography is restricted because of their strong adsorption 
properties, which are connected with the presence of residual boron atoms in the porous CPG skeleton. 
The boron concentration on the CPG surface can be increased by proper thermal treatment. When CPGs 
are heated in the range 400-800” the residual boron atoms in the network diffuse from the bulk to the 
surface. The paper discusses the boron content in porous glasses of different mean pore diameters and 
the determination of the enrichment of boron on the GPG surface, by three independent methods: 
calorimetry, spectrography and isotachophoresis. 

Controlled porosity glasses (CPGs) are widely ap- 
plied in different fields of industry and science, mainly 
as column packings for chromatography, where they 
play the role of molecular sieves, adsorbents, and 
supports of chemically bonded or adhesively depos- 
ited stationary phases having different physico- 
chemical properties and variously interacting with 
separated molecules. Id Their wide application results 
from such physicochemical properties as high ther- 
mal, chemical and mechanical resistance. They also 
have a very narrow pore-size distribution and are 
available in a wide range of an average pore diameter 
and porosity.7*8 

Glasses of controlled porosity are prepared by 
thermal treatment and leaching of glasses of the 
Vycor type. ‘J Glasses with a composition in a certain 
region of the ternary system R@-B,03-Si02 will, on 
proper heat treatment (400-700”), separate into two 
continuous and immiscible phases. In the continuous 
silica skeleton, alkali-metal borate heterogeneities 
form, which are connected to one another. These 
heterogeneities can be removed from thermally 
treated Vycor glass by leaching with acids, leaving 
a porous material composed of silicon dioxide 
(9699%) as the main component and B,03 (l-6%) 
and Na,O (0.0545%). The diameters of the pores 
formed in the porous final product depend on the 
composition of the initial Vycor glass, its thermal 
treatment (temperature and time) and the leaching 
conditions.7.8 

In spite of their numerous advantages, controlled 
porosity glasses have limited application in chro- 
matography because of their strong adsorption prop- 
erties connected with the presence of residual boron 

atoms in the porous siliceous lattice.2*9 As shown in 
the literature,2*9a’0 the surface boron concentration 
can be increased by heating the porous glass in the 
temperature range 4004300”. In these conditions bo- 
ron atoms in the CPG structure migrate from the 
bulk to the surface. Prolonged thermal treatment 
even causes the formation of borate clusters on the 
CPG surface.‘O+” The estimation of the boron content 
in porous glasses and especially on their surface is a 
very difficult problem. The main reason for this is the 
low atomic weight of boron and the lack of pro- 
nounced characteristic features on which its deter- 
mination can be based. The calorimetric curcumin 
method is mostly used. I2 Although this method is 
very sensitive and hence suitable for the boron 
amounts in the CPG samples investigated it is 
difficult and time-consuming as it requires a trouble- 
some quantitative separation of boron from silica 
(boron can be adsorbed on the silica surface, causing 
errors in the final results). 

The surface boron concentration is mainly exam- 
ined by infrared spectroscopy. To estimate the 
surface boron a series of standards is needed, which 
should have known surface concentrations of boron, 
in known chemical form. Though attempts have been 
made to obtain such standards, e.g., by reaction of 
boron trichloride with a silica gel surface, various 
surface forms of bonded boron can be created 
(=B-OH; -B(OH), or =B). ‘x’~ The relative pro- 
portions of these forms are not precisely controllable. 
Another method, which is successfully employed 
here, lies in removing boron from the CPG surface by 
controlled leaching. The boron is removed together 
with a thin layer of the siliceous wall of the CPG 
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skeleton and is then quantitatively estimated in the boron (I~t~mental Works of Graphite Electrodes, 
extract mainly by a calorimetric method.“” Raciborz, Poland) were used as ancillary electrodes. 

fsotachophoresis is another method which seems to 
be successfully applied for quantitative and qual- 
itative analysis of glasses,‘” and it does not demand 
the, troublesome quantitative separation of boron 
compounds from silica. 

Calorimetric method. Glass samples were dissolved in 2M 
sodium hydroxide, then boron was separated by distillation 
of methyl borate as previously described.‘* The boron 
content was estimated colo~et~~y with curcumin at 
550 nm.lz 

In this paper two problems are discussed. (1) The 
effect of the mean pore diameter on the amount of 
boron atoms which migrate to the CPG surface under 
fixed conditions of thermal treatment. (2) Com- 
parison of the results of boron analysis by three 
independent methods: calorimetry, spectrography 
and isotachophoresis. 

Zsotachophoresk The samples of porous glasses were 
dissolved in 2M sodium hydroxide. The solutions were 
analysed with a home-made isotachophoresis instrument of 
horizontal type. 

Because of the strongly alkaline character of the samples 
some difficulties appeared in adjustment of the isotacho- 
phoretic system. Finally, the following conditions proved to 
be the best: leading electrolyte O.OlM AMP (2-amino-2- 
methyl-1-propanol), hydrochloric acid and poly(viny1 alco- 
hol) pH 8.95; terminal electrolyte 0.01 M AMP, hydrochloric 
acid, pH 10.5. Isotachophoretic separation of the anion 
bands (zones) (80~ and Siq-) was performed in a Teflon 
capillary (15 cm long, 0.2 mm i.d.) at 20” and a migration 
current of 100 pA. The results were evaluated with a 
previously prepared calibration curve. 

Materials 
Vycor glass composed of 6% Na,O. 25.6% &OX and 

68.4% SiO, was used as the starting material. Two portions 
of this glass (102-150 pm fraction) were separately heated 
at 600” for 12 hr (material A) and 30 hr (material B). 
Different heating times were used in order to ensure different 
liquation processes in the initial glass. The thermally treated 
glasses were next converted into porous sorbents by proper 
leaching with acid and base according to a procedure 
described previously.” The porous sorbents obtained are 
denoted as A-l and B-l respectively. 

To enrich the surfaces of the porous gh&sses in boron 
atoms to different extents, individual portions were heated 
at 600” for 5 and 100 hr (materials A-2, A-3, B-2 and B-3 
respectively). 

Methocis 
The specitic surface areas of the prepared porous glass 

structures were calculated on the basis of BET data obtained 
by using the Sorptomatic 1806 nitrogen sorptomat (Carlo 
Erba, Milan). 

Mean pore diameters were determined from measure- 
ments made with the type 1500 mercury porosimeter (Carlo 
Erba). 

The boron contents of the CPG structures were estimated 
in three ways. 

Spectrographic method. A Carl Zeiss (Jena) PGS-2 
spectrograph was used. The m~s~ements were compared 
with those obtained for a series of sodium-boron-silicate 
glasses of known composition. The intensities of the lines at 
249.678 and 249,773 nm were used for calculation of the 
boron contents. Spectra were excited in an intermittent a.c. 
arc (4.6 or 6.6 A). Spectrograms were evaluated by photo- 
metric measurements on the W and D scales. All spectra 
were photographed on ORWO WU-2 spectral plates with 
40 see exposure. ELS 396 graphite electrodes free from 

To estimate the surface boron concentration individual 
portions of the porous glasses were extracted by stirring for 
30 min each time with 0.1 M sodium hydroxide at 20”. After 
the extraction, the pore sizes of the washed and dried glasses 
were investigated by means of mercury porosimetry. The 
boron content in the solution was estimated by calorimetry 
and isotachophoresis as described above. 

RESULTS AND DISCUSSION 

Table 1 gives some physi~che~~l properties of 
the controlled-pore glasses investigated. For both 
narrow and wide pore materials, the thermal treat- 
ment diminishes the specific surface area. This pri- 
marily results from the partial dehydroxylation of the 
porous glass surfaces and the change in their chemical 
character (the surface is enriched in boron atoms)?9 
Table 1 also shows that thermal treatment does not 
cause significant structural changes in the glasses 
(mean pore diameter and porosity). 

The boron content (as 40s) in the porous struc- 
ture of the CPGs (Table 1) was obtained by the three 
independent methods described above, and all show 
that the amount of residual B,O, is larger in the wide 
pore glasses (B series) than the narrow pore glasses 
(A series), which confirms the data previously ob- 
tained. This can be explained by secondary phenom- 
ena taking place during the liquation proces~.~+~~*~~ 

Table 1. Physicochemical properties of the controlled porosity glasses 
investigated 

Specific Boron content (as B203) in 
surface Mean pore CPG structures,* % 

Porous area, diameter, Porosity, 
glass m’lg nm cm’lg 1 2 3 

2:: 167.3 92.6 20.3 19.8 0.96 0.91 2.21 2.20 2.24 2.24 2.32 2.29 
A-3 81.8 18.9 0.88 2.18 2.23 2.28 
B-l 88.5 42.8 0.92 2.48 25.5 2.57 

;:: 69.4 59.9 41.2 40.1 0.85 0.81 2.45 2.44 2.53 2.53 2.53 2.54 

*I, Curcumin method; 2, spectrographic method; 3, isotachophoretic method. 
Means of 10 dete~inations. 
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Table 2. Boron and silica extracted from CPG surfaces, and physicochemical properties of the 
CPGs after extraction 

Boron extracted from SiO, extracted 
Mean pore CPG surface,* j4g/m2 from CPG surface 

Porous diameter, Porosity, (isotachophoretic 
t&s ?lm cm’lg 1 2 investigation), ug /m * 

A-l 20.4 0.98 0.07 0.07 810 
A-2 21.1 0.95 6.74 6.88 885 
A-3 19.4 0.91 201.1 202.0 865 
B-l 43.4 0.92 0.09 0.09 835 
B-2 41.9 0.86 8.76 8.79 816 
B-3 40.9 0.82 237.4 248.1 848 

‘1, Curcumin method; 2, isotachophoretic method. Means of 10 determinations. 

B,O, contained in the sodium borate heterogeneities 
is dissolved in the siliceous skeleton which has been 
isolated during the liquation process. The amount of 
B203 dissolved in the siliceous network is propor- 
tional to the temperature and time of heating. There 
is no doubt that in the siliceous structure of wide 
pore glasses there is more B203 than in that of CPGs 
with smaller pore diameters, obtained by heating at 
lower temperature and for a shorter time. The data 
in Table 1 show that thermal treatment of porous 
glasses at 600” (sorbents A-2, A-3, B-2, B-3) does not 
lead to considerable changes in the residual B,O, and 
the structure of porous glass. The small difference in 
B,Or content between A-l and A-2 and A-3, or B-l 
and B-2 and B-3, is probably due to experimental 
error. The evaporation of B203 from the porous glass 
surface during prolonged thermal exposure could be 
another reason, but seems less likely. 

Table 1 shows that all three measurement methods 
give practically identical results (within the limits of 
error). The calorimetric method gives slightly lower 
results, and isotachophoresis the highest, but this is 
explainable from the nature of the procedures. In the 
calorimetric method the boron has to be separated 
from silica to avoid the errors due from the ad- 
sorption of boron on the surface of precipitated silica. 

This separation by distillation of the methyl ester 

d 

I c c 

r- 

d 

r‘l c 

J ei” .JaJ 
Time 

Fig. 1. Graphical representation of isotachophorograms 
obtained for the extracts from the surfaces of differently 
heated porous 8lasse.s: (a) electric resistance of leadina 
electrolyte, (b) electric resistance of BO; zone, (c) electric 
resistance of Siof- zone, (d) electric resistance of terminal 
electrolyte. Lengths of segments are proportional to concen- 

tration of the species concerned. 

is regarded as quantitative, but losses of boron in 
this operation are possible. Special attention should 
be paid to isotachophoresis. It is very convenient and 
quick, and requires neither complicated and ex- 
pensive equipment nor expensive standards for cali- 
bration, and the possibility of manual error is mini- 
mixed. The only manual step is the dissolution of the 
sample. 

The amounts of boron extracted from the surfaces 
of the porous glasses investigated are compared in 
Table 2. As there are differences in the specific surface 
areas of the materials investigated, the boron results 
were normalized and expressed as pg/m’. Extension 
of the thermal treatment time leads to higher en- 
richment of CPG surface with boron atoms, which 
confirms previous results.2*e”*2S23 The mean pore 
diameters and porosities of the extracted CPGs 
(Table 1) prove that the extraction conditions em- 
ployed were adequately controlled and did not cause 
drastic dissolution of the siliceous walls of the CPGs 
or significant changes of CPG structure. A similar 
conclusion can be drawn from the last column of 
Table 2. Table 2 also shows that the same thermal 
treatment of porous glasses leads to surface enrich- 
ment with boron atoms and is higher for wider-pore 
glasses. This phenomenon has already been described 
and discussed9,‘9~23 and is now independently con- 
firmed. This phenomenon does not require expla- 
nation, if the boron content in the structures of the 
A and B glasses (see Table 1) is taken into account. 

The determination of boron by isotachophoresis 
has the further advantage that the amount of silica 
dissolved during the extraction can be calculated 
from the isotachophorogram used for boron deter- 
mination (Fig. 1), and the thickness of siliceous layer 
leached out together with the boron atoms can be. 
estimated. Thus it is possible to control the extraction 
process and decide whether a similar wall thickness of 
different types of glass is dissolved under similar 
extraction conditions. 

The last column of Table 2 shows that almost the 
same amount of silica and hence almost the same 
thickness of the siliceous wall, was dissolved in the 
extraction medium, and proves that the amounts of 
boron extracted from the CPG surface are a true 
measure of the surface boron concentration. 

TM. 36/M 



584 A. L. DAWIDOWICZ et al. 

REFERENCES 

1. A. R. Cooper, A. R. Bruzzone, J. H. Cain and E. M. 
Barrel1 II, J. Appl Polym. Sci., 1971, 15, 571. 

2. A. L. Dawidowicz and I. Choma, Materials Chemistry 
Physics, 1983, 8,. 323, 

3. A. L. Dawidowicz and J. Rayss, Chromatographia, 
1985, 20, 555. 

4. Idem, 2. Phys. Chem. Leipzig, 1985, 266, 1210. 
5. A. L. Dawidowicz, I. Choma and W. Buda, ibid., 1987, 

268, 273. 
6. A. L. Dawidowicz and J. Kobarzewski, Chro- 

matographia, 1984, 18, 389. 
7. W. Haller, J. Chem. Phys., 1965, 42, 686. 
8. M. B. Volf, Technical Glasses, Chapter 10, Pitman, 

London, 1961. 
9. A. L. Dawidowicz, Chromatographia, 1985, 20, 487. 

10. M. J. D. Low and N. Ramasubramanian, J. Phys. 
Chem., 1967, 71, 3017. 

11. A. L. Dawidowicz and St. Pikus, Appl. Surface Sci., 
1983, 17, 45. 

12. J. Fries and H. Getrost, Organische Reagenzien fir die 
Spurenanalyse, p. 78. Merck, Darmstadt, 1977. 

13. 

14. 

15. 

16. 

17. 

18. 
19. 
20. 

23. 

K. K. Unger, Porous Silica, p. 125. Elsevier, Am- 
sterdam, 1979. 
K. L. Shchepalin, Ph.D. Thesis, Lomonosov University, 
Moscow, 1976. 
F. Janowski, W. Heyer and F. Wolf, React. Kinet. 
Catal. Lutt., 1983, 22, 23. 
F. M. Everaerts, J. L. Beckers and T. P. E. M. 
Verheggen, fsotachophoresis, Elsevier, Amsterdam, 
1976. 
A. L. Dawidowicz, A. Waksmundzki and A. De@, 
Chem. Anal., Warsaw, 1979, 23, 811. 
C. L. Luke, Anal. Chem., 1955, 27, 1150. 
A. L. Dawidowicz, S&n i Ceramika, 1985, 36, 123. 
F. Janowski and W. Heyer, Poriise Gliirer, p. 120. VEB 
Deutscher Verlag fur Grundstoffindustrie, Leipzig, 
1982. 
Idem, op. cit., p. 148. 
V. M. Kirutenko, A. V. Kiselev. V. I. Lyain and K. L. 
Shchepalin, Kine& i Kataliz, i974, 15; 1584. 
St. Pikus and A. L. Dawidowicz, Appl. Surface. Sci., 
1985, 24, 274. 



Talanta, Vol. 36, No. 5, pp. 585-589, 1989 0039-9140/89 $3.00 + 0.00 
Printed in Great Britain Pergamon Press plc 
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THERMOCHEMICAL DATA 

FROM 
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Summary-A method is described by which kinetic parameters may be calculated from the measured 
temperature changes caused by the heat produced during a chemical reaction. An isoperibol titration 
calorimeter with an ampoule-breaking facility is used to obtain the temperature data. The temperature 
changes resulting from the reaction between tri-isopropyl phosphite and sulphur (S,) are used as an 
example to demonstrate the effectiveness of the method. The temperature changes are used to calculate 
an enthalpy of reaction. From the enthalpy of reaction and intermediate heats, instantaneous concen- 
trations of the reactants may be calculated. 

Titration calorimetric techniques are well- 
documented in the literature as a means of ascertain- 
ing thermodynamic parameters of reactions’ and 
determining the extent of interactions between 
materials.‘,’ Many other calorimetric techniques 
exist, including flow, adiabatic, and isothermal 
methods. However, almost without exception, which- 
ever technique is used, a major assumption made is 
that the reaction rate is faster than the rate of 
addition of the reactants to the reaction vessel. 
Generally, the time-dependence of the production of 
heat from the chemical reaction being studied is not 
a function of the rate of reaction, but rather a 
function of the thermal latency of the reaction 
vessel. The intent of this paper is to introduce a 
means of determining the kinetic parameters of a 
reaction while monitoring the thermal behaviour of 
the reaction. 

A reaction which has been studied by the proposed 
technique is the addition of sulphur to a trialkyl 
phosphite to form the trialkyl phosphorothionate.4 
Kinetic studies of this reaction have also been made 
by a variety of techniques such as NMR,S FTIR,6 and 
spectrophotometry,’ but each of these techniques 
suffers from limitations. For example, the NMR 
work suffers from potentially poor mixing of the 
reactants, and inability to achieve sufficient time 
resolution. Spectrophotometry does not lend itself 
well to study of the reaction since none of the 
species, either product or reactants, has appreciable 
absorbance. The FTIR method is complicated by the 
ambiguity of assignment of peaks to the product. 

Mention of commercial products does not constitute recom- 
mendation for use. The views expressed in this paper are 
those of the author and do not necessarily represent the 
views of the US Army nor the US Military Academy 
unless expressed in official documents. Not subject to 
copyright, work of the US Government. 

Many of the problems faced by these earlier 
investigators are overcome by the use of calorimetric 
monitoring of the reaction. The reactants can be 
mixed with good reproducibility. The technique will 
be developed in general terms, and applications to 
specific reactions will be described in forthcoming 
papers. 

EXPERIMENTAL 

A TRONAC 450 adiabatic calorimeter combined with a 
TRONAC pTC40 temnerature controller is used to acauire 
all the thermal data. he calorimeter is used in the datch 
addition mode rather than in the continuous mode, because 
the rate of reaction is much slower than would be the 
rate of addition of titrant from the burette. Interpreting 
the thermogram would be extremely difficult because the 
thermal changes would lag behind the reagent addition. 

A glass ampoule containing 2 ml of a trialkyl phosphite 
solution is broken into 50 ml of the sulphur solution in the 
reaction vessel. The solvent used most often in our experi- 
ments is carbon disulphide. The data are recorded on a 
strip-chart recorder. The heat capacity of the reaction vessel 
and its contents is determined by using Joule heating of the 
contents. The heat capacity of the final solution may be 
determined by adding the heat capacity of the trialkyl 
phosphite solution to that of the reaction vessel and its 
contents or by determining the heat capacity after the 
conclusion of the reaction. 

All reagents were ACS reagent grade and used without 
further purification. All calculations were performed by 
using a LOTUS 123@ spreadsheet. A template is being 
developed to automate the entire data acquisition and 
analysis procedure by use of an IBM PC-AT. 

RESULTS AND DISCU!SSlON 

As an example of the applicability of the technique, 
the reaction between Ss and tri-isopropyl phosphite 
(Tip) was studied at an initial temperature of 25”. The 
overall reaction stoichiometry has been shown8 to be 

SB + 8 TiP + 8 Tips. (1) 
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Fig. 1. Plot of the‘temperature of the reaction vessel as a 
function of time. 

The overall mechanism for any such reaction must of 
course account for this stoichiometry. 

A typical data acquisition run is shown in Fig. 1. 
One of the curves in this figure shows the temperature 
in the reaction vessel as recorded (+), and the other 
the reaction vessel temperature corrected (see below) 
for non-reaction contributions (0). As seen from the 
lower curve, the initial slope prior to the addition of 
titrant is negative, indicating a net loss of heat from 
the system before reaction begins. This is attributed 
to evaporation of carbon disulphide. Every attempt 
was made to minimize the evaporational loss by 
acquiring data as rapidly as possible and also by 
sealing as many of the exit holes from the reaction 
vessel as possible. The rate of heat exchange was 
constant during the pre-reaction period. The rate of 
change of temperature before the reaction and the 
rate of change of temperature after allowing the 
reaction vessel to cool to the initial temperature 
were statistically the same. The general shape of the 
reaction curve indicates that the temperature is a 
complex function of time. 

The initial attempt to analyse the data was made 
with a simple second-order kinetic model based on 
equation (2) as the rate-determining step: 

S8 + TiP 2 intermediates (2) 

where the intermediates may be various species 
potentially leading to the tri-isopropyl phosphoro- 
thioate. This reaction would have a rate law described 
by simple second-order kinetics as 

rate = k, [S,] [Tip] 

which leads to an integrated rate law9 

(3) 

1 

k’ ’ = [S,]i - [Tip], In 
[TiPliM 

[ 1 [S,]i[TiP] 
(4) 

where the subscript i indicates an initial concen- 
tration, and its absence instantaneous concentration. 
Plotting ln([S,]/[TiP] against time should yield a 
straight line with a slope proportional to k,. Bartlett 
and Maguerian’O reported second-order kinetics for 
the reaction of triaryl phosphines with S,. 

Before the rate constant for this reaction can be 
obtained, the instantaneous concentrations of all the 
reactants must be calculated or determined. A major 
problem in determining the rate constant for this 
reaction has been the lack of absorption bands in 
the ultraviolet-visible region of the spectra of the 
components of the system, as a result of which the 
concentrations of the products or reactants cannot be 
photometrically monitored as a function of time. 
Additionally, because of the relatively rapid nature of 
the reaction, chromatographic techniques are also 
not applicable. Thus, the concentrations need to be 
calculated indirectly. 

It is assumed that the reaction goes to near com- 
pletion,9 depending upon which of the reactants is in 
excess, and that the number of moles of product 
formed is stoichiometrically related to the initial 
number of moles of the reactant which is not in 
excess. The point of maximum deflection on the 
temperature+time plot, after correction for heat aris- 
ing from sources other than the reaction, is taken as 
indicating the time at which the reaction has reached 
completion. The upper curve in Fig. 1 indicates that 
the temperature asymptotically approaches a limit. 
This is partially deceiving in that the heat of the 
reaction is being offset by the loss of heat caused by 
the evaporation of carbon disulphide. The amount of 
carbon disulphide lost can be neglected since the 
heat-loss rates at the initial temperature before and 
after the reaction are statistically the same, because 
the surface area will be the same. The rate of loss will 
increase with rise in temperature, however. Hansen, 
et al.” have shown that one factor upon which the 
heat-loss rate is dependent is the volume of solution 
in the reaction vessel, but for large volumes (> 25 ml), 
the dependence is less pronounced. The calculational 
method for finding the point of maximum deflection 
is described in the next paragraph. The data for 
the calibration and reaction runs are given in 
Tables 1 and 2. 

The temperature, as recorded, must be corrected 
for temperature changes not caused by the chemical 
reaction. The three major sources of temperature 
change which must be accounted for are the heat loss 
through the reaction vessel wall, the heat production 
caused by the stirring, and the heat loss caused by 
evaporation of the solvent. Since the slopes of the 
temperature us. time plots, starting at the same 
temperature before and after the reaction are the 
same, it is assumed that no special correction need be 
made for the heat loss from evaporation. The sum ,of 
the three effects can be determined by monitoring the 
temperature in the reaction vessel prior to breaking 
the ampoule containing the reactant. The corrected 
temperature change is calculated by using the 
equation 

AT, = [(Tf- TJ - Sr]B (5) 

where T, and Ti are the final and initial temperatures, 
respectively, S is the mean of the temperature-time 
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Table 1. Tabular data giving the concentration of the reactants and product as a function 
of time and temnerature; AH = 215.3 J/mole TipS 

Temperature 
Time, (cor=tw, 

set “C ln ag,l/rw) 

0 
2 

12 
22 
32 
42 
52 
62 
72 
82 
92 

102 
112 
122 
132 
142 
152 
162 
172 
182 
192 
202 
212 
222 
232 
242 
252 
262 
272 
282 
292 
302 
312 
322 
332 
342 
352 
362 
372 
382 
392 
402 
412 
422 
432 
442 
452 

25.2118 0.005365 
25.2306 0.005303 
25.4248 0.004666 
25.5827 0.005148 
25.7351 0.003648 
25.8680 0.003212 
25.9841 0.002831 
26.0863 0.002495 
26.1745 0.002206 
26.2516 0.001953 
26.3203 0.001727 
26.3779 0.001538 
26.4355 0.001349 
26.4847 0.001188 
26.5256 0.001054 
26.5692 0.000911 
26.5961 0.000822 
26.6258 0.000725 
26.6583 0.000618 
26.6741 0.000566 
26.6926 0.000506 
26.7112 0.000445 
26.7269 0.000393 
26.7371 0.000360 
26.7473 0.000326 
26.7603 0.000284 
26.7733 0.000241 
26.7779 0.000226 
26.7881 0.000192 
26.7983 0.000159 
26.8029 0.000144 
26.8075 0.000129 
26.8121 0.000114 
26.8167 0.000098 
26.8213 0.000083 
26.8203 0.000086 
26.8250 0.000071 
26.8296 0.000056 
26.8314 0.000050 
26.8332 0.000044 
26.8350 0.000038 
26.8369 0.000032 
26.8359 0.000035 
26.8377 0.000029 
26.8423 0.000014 
26.8414 0.000017 
26.8432 0.000011 

slopes for stirring before and after the section (in each 

case starting from the same value of Ti), t is the time 

elapsed from introduction of the reactants, and B is 

the conversion constant to convert the temperature 

from the measurement units into degrees. The 
slope of the heating curve was corrected by using the 
arithmetic mean of the initial and final slopes. It is 
assumed that the heat leak is constant during the 
entire measurement. Hansen ef al.” have shown this 
to be a good assumption for large volumes (> 25 ml) 
such as used in this study. It is also assumed that 
although the rate of heat loss by evaporation of the 
solvent will be slightly greater at Tf than at Ti, the 
difference will be minimized by the use of a closed 

0.033230 
0.033223 
0.033143 
0.033078 
0.033016 
0.032961 
0.032913 
0.032872 
0.032835 
0.032804 
0.032776 
0.032752 
0.032728 
0.032708 
0.032691 
0.032673 
0.032662 
0.032650 
0.032637 
0.032630 
0.032623 
0.032615 
0.032609 
0.032605 
0.032600 
0.032595 
0.032590 
0.032588 
0.032584 
0.032580 
0.032578 
0.032576 
0.032574 
0.032572 
0.032570 
0.032570 
0.032569 
0.032567 
0.032566 
0.032565 
0.032564 
0.032564 
0.032565 
0.032563 
0.032563 
0.032562 
0.032561 0.005353 

O.OOOOOO 
o.oooo61 
0.000698 
0.001217 
0.001717 
0.002153 
0.002534 
0.002869 
0.003159 
0.003412 
0.003637 
0.002826 
0.004015 
0.004177 
0.004311 
0.004454 
0.004542 
0.004640 
0.004746 
0.004798 
0.004859 
0.004920 
0.004971 
0.005005 
0.005038 
0.00508 1 
0.005123 
0.005139 
0.005172 
0.005205 
0.005221 
0.005236 
0.005251 
0.005266 
0.00528 1 
0.005278 
0.005293 
0.005308 
0.005314 
0.005320 
0.005326 
0.005332 
0.005329 
0.005335 
0.005350 
0.005347 

1.8235 
1.8348 
1.9605 
2.0762 
2.2027 
2.3283 
2.4531 
2.5779 
2.7002 
2.8210 
2.9428 
3.0512 
3.1882 
3.3150 
3.4342 
3.5797 
3.6813 
3.8070 
3.9656 
4.0527 
4.1661 
4.2940 
4.4173 
4.5060 
4.6033 
4.7428 
4.9051 
4.9698 
5.1295 
5.3197 
5.4194 
5.5301 
5.6546 
5.7969 
5.9629 
5.9258 
6.1170 
6.3536 
6.4652 
6.5907 
6.7344 
6.9023 
6.8100 
6.9923 
7.6970 
7.5031 
7.9085 

cell, and can be ignored for calculation of the kinetic 
parameters. Figure 1 shows the corrected and un- 
corrected temperatures for the course of the reaction. 

When the maximum deflection on the curve has 
been located, the enthalpy of the reaction may be 
calculated as the ratio of the heat generated to the 
number of moles of product formed. 

AH=Q/n 

The heat generated by the reaction is the product 
of the temperature changes (corrected for non- 
reaction contributions) and the heat capacity of the 
reaction vessel and its contents. The temperature 
change for the reaction of 0.001728 mole of sulphur 
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Table 2. Tabular data for the calculation of the heat capacity of the reaction vessel and 
contents 

Temperature Temperature 
Time, Temperature, (corrected), Time, Temperature, (corrected), 

set “C “C set “C “C 

10 25.1621 25.1758 250 25.2007 25.498 1 
20 25.1478 25.1752 260 25.2133 25.2133 
30 25.1324 25.1736 270 25.2000 25.2102 
40 25.1185 25.1734 280 25.1882 25.2086 

: 25.1032 25.0892 25.1718 25.1716 290 300 25.1770 25.1645 25.2076 25.2052 
70 25.0753 25.1714 310 25.1533 25.2043 
80 25.0613 25.1711 320 25.1422 25.2033 
90 25.0488 25.1723 330 25.1324 25.2373 

100 25.0348 25.1721 340 25.1213 25.2028 
110 25.0195 25.1705 350 25.1129 25.2046 
120 25.0105 25.1752 360 25.1018 25.2036 
130 25.0009 25.1546 370 25.0906 25.2027 
140 25.0112 25.1777 380 25.0815 25.2038 
150 25.0307 25.2091 390 25.0725 25.2049 
160 25.0474 25.2377 400 25.0627 25.2053 
170 25.0655 25.2677 410 25.0530 25.2058 
180 25.0822 25.2963 420 25.0446 25.2076 
190 25.0990 25.3250 430 25.0362 25.2084 
200 25.1143 25.3522 440 25.0279 25.2112 
210 25.1338 25.3836 450 25.0167 25.2103 
220 25.1491 25.4108 460 25.0084 25.2121 
230 25.1659 25.4394 468 25.0000 25.2119 
240 25.1826 25.468 1 

(S,) and 0.000279 mole of tri-isopropyl phosphite 
(Tip) in 52 ml was 1.635”. The heat capacity was 
calculated as 36.741 J/deg, so the heat generated was 
60.07 J. 

The mass balances used to calculate the instan- 
taneous concentrations of sulphur and u-i-isopropyl 
phosphite are: 

np$ = n&r + n&s (7) 

Tot n iiPS 
ns* =n&+- 

8 

where np$! and nz are the total number of moles of 
TiP and St,, and n&, n&. and n& are the number of 
moles of Ss, TiP and TiPS, respectively, at any time 
t during the reaction. Equation (6) may be used to 

0 CTIPSI 
+ CUPI 
0 Csel 

1::::: : 
0 100 200 300 400 so0 

Time (set) 

Fig. 2. Plot of the instantaneous concentrations of the 
product [tri-isopropyl phosphorothioate (Tips)] and the 
reactants [S, and tri-isopropyl phosphite (Tip)] w. time. 

calculate the number of moles of TiPS formed at any 
time during the reaction by using the enthalpy calcu- 
lated from the maximum temperature deflection and 
the heat produced up to time t. From the mass 
balances [equations (7) and (8)], the number of moles 
of SB and TiP that have reacted at any time I may then 
be calculated. Dividing the number of moles that 
have reacted by the volume of solution will give the 
concentration. The results of such calculations are 
given in Table 1. Figure 2 is a plot of the calculated 
concentrations W. time. A plot of In [S,]/[TiP] vs. time 
is given in Fig. 3. The fit of the data to a simple 

1 I I I I I I1 I IA 
0 100 200 300 400 500 

Time (set) 

Fig. 3. Plot of the natural logarithm of the ratio of the instan- 
taneous concentrations, vs. time. The intercept = 1.753 
and the slope = 0.0127; the correlation coefficient for the 
regression is 0.9962. The second-order rate constant calcu- 
lated from the slope is 0.457 l.mol-‘.sec-‘. Initial amount 
of sulphur 0.001728 mole and initial amount of tri-isopropyl 

,phosphite 0.000297 mole. Volume 52 ml. 
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second-order kinetic model is quite good, with a Doe of the US Military Academy. Financial aid to purchase 
correlation coefficient of 0.9962. The rate constant calorimetry supplies was provided by the US Army 

calculated from the plot is 0.457 1 .mole-’ .sec-‘. The Chemical Research Development and Engineering Center, 

fit of the data to a simnle second-order model is seen 
Aberdeen Proving Ground, Maryland. 

to be worse at the end of the data run. This is not 
surprising, since the reaction is nearing completion 
and the availability of the reactant that was not 
present in excess is limited. The calculations per- 
formed involve the difference between two rather 
large numbers to obtain a much smaller number. The 
uncertainty in the value of the calculated concen- 
trations is thus much larger at the end of the reaction. 

CONCLUSIONS 

The method is shown to be effective for studying 
the chemical reaction between SB and &i-isopropyl 
phosphite in carbon disulphide medium. Calculation 
with a LOTUS spreadsheet is rapid, and parameters 
are easily changed to allow for rapid recalculation of 
final results from new data sets. The advantage of this 
technique for studying kinetics of chemical reactions 
is that it is applicable to systems where none of the 
species involved absorbs electromagnetic radiation in 
the photometric region. 
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Smumuy-Continuous monitoring as a means of achieving real-time or near real-time control is one of 
the most stimulating aspects of industrial innovation and productivity. The potential of unsegmented flow 
techniques in this area, though wide, has not been widely exploited to date. The applications developed 
so far, and new possibilities for solutions to existing problems, are considered. 

Improvements in industrial processes are often pre- 
ceded by developments in process analytical chem- 
istry, the goal of which is to supply quantitative and 
qualitative information about chemical processes. 
Such information can be used not only to monitor 
and control processes, but also to optimize their 
use of energy, time and raw materials.’ The most 
industrial&d countries promote the development of 
process analytical chemistry by creating centres of 
research in this area. More than 20 such centres, 
created to stimulate some aspects of industrial 
innovation and productivity, exist in the U.S.A., 
among which the Center for Process Analytical 
Chemistry, CPAC, can be cited as an example of 
industry-university partnership. It was founded with 
support from the National Science Foundation and 
aimed at the discovery and development of analytical 
methods that can be integrated directly into processes 
and are coupled with chemometric techniques. One of 
the basic scientific aims of CPAC is design for on-line 
purposes; its research agenda considers the use of 
unsegmented flow analysis (specifically flow-injection 
analysis, FIA) as a useful tool contributing to this 
development.2 

Unsegmented flow techniques, unlike conventional 
flow analysis, do not use air bubbles as a means of 
separating successive samples. The absence of a gas 
phase endows the configurations with a number of 
advantages, namely: (i) shorter lag-phase; (ii) higher 
signal reproducibility as a result of the less complex 
formation and transport of the reacting zone through 
the system; (iii) cheaper and less complex instrumen- 
tation (easier to use by non-skilled operators); (iu) 
greater versatility resulting from the very large vari- 
ety of modes available, which allow a wide range of 
samples and analytes to be covered. 

For these reasons, unsegmented flow techniques, 
especially FIA, are as competitive in process control 
as in other fieldss5 Completely continuous flow 
analysis, CCFA,6 although simpler from the point of 

view of instrumentation, has more limited possi- 
bilities and applications. Controlled dispersion flow 
analysis, CDFA, proposed by Rocks and Riley,’ has 
the least potential in this context, so is not considered 
here. 

FIA AS AN ON-LINE PROCRS-CONTROL TECHNIQUE 

In spite of the advantageous aspects of FIA for 
on-line process control, the number of applications 
proposed so far does not match its potential. Thus, 
it is worth discussing the factors which make FIA a 
useful technique for process control and on-line 
quality control, and also giving an account of short- 
comings in its use. 

Response time 

This parameter, namely the time elapsed between 
sample insertion and read-out, is of great relevance 
to process control. Because the average sampling 
frequency of an FIA system is 40-60 samples/hr,s 
signal read-out at the peak maximum can be made 
20-30 set after the sample injection, i.e., nearly in 
real-time. In this respect, FIA is much faster than 
segmented flow techniques, which give response times 
ranging between 5 and 20 min.’ 

The short response time of FIA allows more 
frequent control of the analytical conditions. A 
selecting or diverting valve (Fig. 1) can be used for 
introduction of standards and/or blanks. When the 
interval between analyses is very short, blanks, cali- 
bration or recalibration can be run by using a special 
configuration with two internally coupled parallel 
injection valves’ (Fig. 2). The loop of V, is filled with 
standard solution, and that of V, is filled with the 
sample. A carrier-standard-sample-standard-carrier 
signal shape is created by sequential insertion of the 
contents of the dual valve into the system, in such a 
way that continuous standard and sample recording 
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Reagan t 2 

Fig, 1. FIA configuration for on-line monitoring and 
intercalating blank and standard measurements. VS, 
selecting valve; P, peristaltic pump; IV, injection valve; R, 

and R2, reactors; D, detector; W, waste. 

is obtained without disrupting process control. Dur- 
ing intervals in which no blank or calibration is 
required, valve Vr can insert sample or carrier.” 

Viscosiry effpcrs 

The problems arising from viscosity differences 
between the sample and the rest of the solution 
are circumvented by means of a reverse FIA 
con@uration in which the sample merges with the 
channel into which the reagent has been inserted, or 
by use of simple cascade dilution systems such as 
those suggested by ~~sti~.‘~.‘* 

Sample and reagent consumption 

Conventional FIA requires only small amounts of 
sample (of the order of a few ~1). In routine control, 
it is always desirable to reduce reagent consumption 
as far as possible; such a reduction is mandatory 
when the reagents used are expensive (e.g., enzymes). 
Figure 3 shows some of the possible FIA 
configurations for on-line control, each of which is 
useful for a given type of process. For expensive or 
valuable samples it is preferable to use a manifold 

(a) 

I 

which returns the sample excess after filling the loop 
of the injection valve (normal FIA manifolds at the 
top of the figure). Manifold (a) is more suitable if the 
small volume of carrier remaining in the valve loop 
when this is switched to the fllling position does not 
interfere with the process being monitored; manifold 
(b) includes a separation-preconcentration unit (SU) 
with continuous circulation of the sample for long 
enough to ensure that enough interferent-free 
analyte is available for the determination. Simpler 
connations can be used when the loss of small 
amounts of sample (0.2-I .O ml/mm) is acceptable; (c) 
an FIA manifold without return, carrying the sample 
directly from the process line to the injection valve; 
(d) a reverse FIA manifold (sample continuously 
circulating through the system at a low flow-rate, and 
reagent insertion when the analyte concentration 
is to be decline) (e) a completely ~ntinuous 
manifold in which the sample and reagents, all at low 
flow-rate, are continuously mixed in the system, the 
recording obtained providing a profile of evolution 
of the system with time. The sample and reagent 
consumption can be decreased by using the merging- 
zones mode, s~et~~l for single-dear 

Fig. 2. Inner coupling for valves for simultaneous deter- 
mination and calibration>p’0 

Fig. 3. Different possibilities of on-line analysis by FIA (for details, see text). 
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determinations” and unsymmetrical for multi- 
determination or speciation.‘4*‘5 In all cases closed- 
loop or open-loop control can be incorporated. 

Expansion methoak 

These are used to lengthen the linear analyte 
concentration range, thus avoiding prior dilution or 
concentration steps, and are implemented either by 
running multiple calibration curves with different 
determination ranges and sensitivitieP’ or by 
performing peak-width measurements.‘*~19 

Increase in sensitivity and/or selectivity 

Each of the existing stopped-flow modes provides 
an improvement in one of these parameters. Thus, 
the sensitivity of a method can be increased, to the 
detriment of the sampling frequency, if the sample- 
reagent mixture is stopped in the reactor for a time 
interval ensuring adequate development of the 
detection reaction (non-kinetic stopped-flow).M On 
the other hand, the method becomes more selective if 
the kinetic stopped-flow mode is adopted.” If the 
reacting plug is stopped in the detector flow-cell, the 
evolution of the reaction during the stop time can 
be monitored and the contributions of the blank and 
of any other reactions (provided these are much 
slower or faster than the analytical reaction) are 
self-cancelling. In this case the reactor length is 
considerably decreased, so the sampling frequency 
may or may not be affected. 

Another way to increase the selectivity of a method 
is through the use of a separation unit coupled to 
an FIA system, and this can also provide pre- 
concentration of the analyte. The on-line coupling 
of FIA and a separation technique22 (liquid-liquid 
extraction,23 dialysis,% gas-diffusiorP) is very simple 
and its usefulness for these two purposes has been 
demonstrated in a number of applications, both in 
laboratory processes,26 and on-line control.6 In many 
processes, a separation technique coupled with FIA 
can replace a chromatograph or even excel it in 
performance, and has the advantages of inexpensive 
instrumentation, low maintenance costs and much 
simpler handling. 

Use of solid reactors 

The different types of solid reactors provide 
various improvements to FIA systems in general and 
to FIA on-line systems in particular. Ion-exchange 
columns have been used for preconcentration and 
separation purposes, providing excellent results in 
on-line control (determination of the ionic conduc- 
tivity of drinking wate13’). Redox reactors (speciation 
of nitrogen and nitrite and nitrate’*) have been 
used for the control of soil properties. The current 
increasing use of enzymatic reactors in FIA” is a 
result of their excellent features. The problems arising 
from the need for their regeneration or replacement 
in on-line process control can be circumvented 
by using a manifold (Fig. 4) including a valve 
allowing for selection between two identical channels 
which are used alternately for periods dictated by the 
reactor regeneration or change. In this way there is 
no disruption of the sampling rhythm. 

Sample clean -up 

Like any other type of analyser, FIA analysers 
require the removal of solid particles from the 
sampling stream, which is performed by placing 
filters of different porosity in positions dependent on 
the features of the process stream. A system allowing 
the removal of interferents such as oxygen, organic 
compounds and metal ions is the electrochemical 
scrubber reported by Hanekamp et al.,% based on the 
separation of reducible impurities by use of two 
porous silver electrodes in sequence. Closed-loop 
control of scrubbers, purification processes and 
waste-water monitoring has been recently discussed 
by Yalvac.31 

Proximity to sampling point 

The dimensions of an FIA analyser, usually small, 
allow its location near the system to be controlled, 
thus reducing the lag caused by transport from the 
sampler valve to the analyser. 

Disadvantages 

Despite the advantages described above, there 

Fig. 4. Manifold with selecting valve for column replacement or regeneration without disrupting the 
monitoring process. 
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From process rtreom 
Pump sv sxv Reactor Detector Recorder Microproceeeor 

I 

Standard Rinsing DiIuent Reagents 
sotution solutibn 

Fig. 5. !3cheme of Lachat QuilcChem process monitor. SV, solenoid valve; SIV, sample injection valve. 

are two major problems with FIA for on-line control: 
(1) the process ~rn~~t~e; (2) the degree of 
commercialization of FIA instrumentation. 

Temperature. To provide accurate quantitative 
measurements, process-stream analysers need regular 
calibration. In the laboratory, particularly with 
batch samples, calibration seldom causes difficulties, 
because standards and samples will all be at about the 
same temperature. Process streams, however, can 
differ markedly in temperature from the environment 
in which the calibration solutions are stored, as also 
will the process samples if adequate precautions are 
not taken. 

The effect of temperature diEerences in FIA can be 
of two kinds. First they a&et the dispersion by 
changing the diffusion coefficient and introducing 
temperature gradients. Secondly, they affect the rate 
of chemical reactions. This latter effect has to be 
taken into consideration only when the height of the 
signal is mainly determined by the reaction kinetics. 
Hence the setups of the sample and standard 
must be as close as possible. In unsegmented flow 
analysis, where the signal is measured under steady- 
state conditions, or in automatic process analysers 
where equilibrium conditions prevail, the tem- 
perature effect is less important. Moreover, in both 
these methods, the residence times are much longer, 
so heat exchange with the environment is more 
complete. 

Availability. The paucity of commercial FL4 in 
struments is one of the main handicaps in the use of 
this technique for on-line process control. The on-line 
analysers which have long been on the market 
generally have specific software for the job in hand. 
For FIA instruments there is incipient development 
in this area and there are a few “dedicated” instru- 
ments. The scheme of an earlier FIA process monitor 
marketed by Lachat is shown in Fig. 5. A wider 
and more varied range of inst~ents is currently 
marketed by FIAtron, and utilizes several types 
of detection (amperometric, “FIA/zyme”; potentio- 
metric, “FIA/trode”; calorimetric, “FIA/lite”), with 
a cook-book including interesting enzymatic (for 
which enzyme membrane kits are offered) and 
non-enzymatic methods, examples of which are the 
control of L-lactic acid in cell culture broth, of 
ammonia in volatile organic solvents, and of alkali 
and carbonate (utilizing dual end-point titrations). 
Figure 6 shows the scheme of the “FIA/lite” analyser 
with multipoint sampling application, in which five 

vessels or streams and up to three standard solutions 
can be randomly accessed. U~r-progr~able 
TTL switches are used in all cases as “high/iow” 
alarm-level indicators, and for the control of the 
process valves and pumps. 

APPLICATION OF UNSEGME~D FLOW 
ANALYSIS TO ~~UOUS ~O~R~G 

Some examples of the application of these tech- 
niques in on-line analysis, both industrial and non- 
industrial, can show their usefulness and possibilities 
in this area, both in single determinations and multi- 
dete~nations. 

Contrd of a single parameter 

An example of single-parameter continuous 
monitoring is based on the photometric method 
for determining cyanide by its reaction with 
chloramine-T and barbituric acid.% Three con- 
fig~ations have been designed for this dete~nation, 
according to the different types of water to be dealt 
with (Fig. 7). When the sample is limited or ex- 
pensive, a normal FIA manifold is used in which the 
sample is inserted into a buffered chloramine-T 
stream, which is later merged with the pyridine- 
b~bitu~c acid channel; after reacting in Lr , the plug 
reaches the photometer Sow-cell, where the reaction 
product is monitored. When the sample is abundant, 
as in the control of waste-water and effluents from 
cyanide-based processes such as electroplating, an 
economy in reagents and an improvement in sensi- 
tivity is achieved by using a reverse FIA 
conf@uation in which the sample circulates con- 
tinuously through the system, merging with a 
chloramine-T stream; when the analyte is to be 

l--l Standards 

Carrier 
solution 

Fig. 6. Typical multipoint sampling application of the 
“FIA/lite” analyser. 
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0.95mUmin 

Pyrldine-barbituric 
acid reagent 

Buffer (pH’6.3) 

Chloromlne-T 

z&zL 

Ll 
Somple ICN-) 

96.8/A 

(cl 
0.30 ml/min 

Buffer (pH=6.31 

Chloramine-T 

Somple (CN-) 

Pyridine-barbituric 
acid reagent 

/-3~c----p~ 
I I 

b X-578 L2 

I 
nm 

I L--------d--d 

Fig. 7. Manifolds for determination of cyanide: (a) normal FIA; (b) reverse FIA, (c) completely continuous 
technique.)* 

measured, a small volume of pyridine+barbituric acid 
solution is injected, producing the reaction, which is 
monitored on passage through the detector. When a 
configuration is used in which the sample and re- 
agents circulate continuously and uninterrupted 
through the system, a profile of the cyanide content 
as a function of time is obtained. 

Cells with ion-selective electrodes have been used 
as detectors in industrial analysis by FIA with 
continuous monitoring. Sensitive and reproducible 
measurements can be obtained even if the industrial 
application requires that the measuring cell is large, 
provided that the flow-rate of the carrier liquid is 
sufficiently high. Large cell volumes are advantageous 
in continuous monitoring, as the signal approaches 
that obtained under steady-state conditions. 
Experiments with calcium ion-selective electrodes 
and ammonia gas-probes show that slow response of 
the sensor severely limits its applicability in flow 
analysis. 33 Power-plant applications of FIA proposed 
by Balconi et al.” involved the determination of pH, 
ammonia and hydrazine in an AVT-conditioned 
water-stream cycle by use of potentiometric sensors. 
The data evaluation by means of a “measurability” 
model gave acceptable results for ammonia and 
hydraxine, but lost accuracy for pH measurements. 
Again, the analysis frequency was the main factor 
affecting the quality of the results. 

Figure 8 shows the design of an FIA analyser for 

process control in the polyphosphate industry by 
measuring sulphate through photometric detection of 
barium sulphate.35 The instrument is commanded by 
a microcomputer and has two channels carrying 
distilled water, which dilute the highly concentrated 
sample inserted by V, and coming alternately from a 
raw product process stream or from a pretreated 
product stream, according to the position of the 
selecting valve V,. Valve V, allows the system to 
be merged with a stream of barium chloride + 
poly(viny1 alcohol), or a wash solution containing 
poly(viny1 alcohol), EDTA and ammonia buffer. The 
sampler contains the standards, which are inserted 
into the system at regular intervals to check and 
adjust the instrument accuracy. The active interface 
allows the computer to control the different units of 
the FIA system, while the passive interface allows 
data to be collected for processing and delivery. 
The analyser has been exhaustively checked in an 
industrial phosphate plant. 

Recently36 RUiEka has emphasized the novel trend 
in application of FIA to continuous monitoring of 
biotechnological processes in real-time, corroborated 
by members of commercial laboratories.” An FIA 
system has been proposed for downstream on-line 
analysis in biotechnological processes, in which high 
sample dilution (several hundred-fold) is achieved by 
zone-sampling, thus overcoming the problems cre- 
ated by rheologically difficult matrices and making 
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Sampler 

Fig. 8. Design of an automated analyser for determination of sulphate in concentrated phosphoric acid.‘5 

(2) I 

Fig. 9. Block diagram of an automated analyser for pharma- 
ceutical dissolution tests (for details, see text).“’ 

possible the monitoring of the enzyme activity.3* To 
prevent backward growth from the analyser into the 
fermenter, different micro-organism-killing barriers 
can be included in the samplers.” Semi on-line FIA 
manifolds have also been used to study lactic acid 
fermentation kinetics.40 

An automated analyser for pharmaceutical dis- 
solution tests has recently been patented.41 The in- 
strument (Fig. 9) consists of a dissolution module (l), 
a storage/solvent-addition/draining/washing module 
(2), a flow-injection analysis module (3), a compatible 
microcomputer (4) equipped with an active interface 
(5) to control modules (1), (2) and (3), and a passive 
interface (6) to collect signals from the detector and 
show the results on the printer (7). 

The on-line determination of non-aqueous analytes 
(peroxides, free fatty acids in edible oil and ammonia 
in kerosene) by process-control FIA has been 
proposed by workers with FIAtron systems.42P43 

Multiparameter control 

Multidetermination by FIA is the most representa- 
tive example of the capacity and versatility of this 
technique, in an application not suitable for use of 
CCFA. 

The simpler-and more expensive-way to per- 
form multiparameter control involves the use of a 

loop with a very small diameter, which feeds the 
injection valves of as many FIA manifolds as there 
are parameters to be monitored (Fig. 10). The design 
allows adoption of the optimum methodology for 
each parameter (detection system, derivatization 
reaction, reactor features and coupled separation 
units, etc.), which can result in long-term economy in 
routine analyses. 

A completely automated system” using reverse 
FIA is shown in Fig. 11; its block diagram is outlined 
in (a), the propulsion-injection-reaction unit being 
of either type (b) or (c), shown in the figure. 
Configuration (b) consists of two (or more) injection 
valves which insert selective reagents for each analyte. 
The introduction of some other reagent prior or 
subsequent to injection of the selective reagent is 
achieved by a conlluence point.4s Configuration (c) 
contains -a single injection valve and two selection 
valves (A and B), which are synchronized in such a 
way that when B selects sample conditioning system 
number 1 (buffer + masking agents), A selects the 
corresponding reagent to be injected, etc.* The chief 
shortcoming of this automated analyser is the need 
to choose the characteristics of the derivatization 
reactions so that they can be monitored by the same 
detector. 

syrtem 

Fig. 10. Common feed from the process stream for different 
FIA manifolds. IV, injection valves. 
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(al 

-I 
waste 

Fig. 11. Completely automated analyser for on-line control. (a) Block diagram. The assembly formed by 
the propelling, injection and reaction units can adopt configurations (b) and (c). R, reagent; L, reactor; 

V, injection valve, A and B, selecting valves. 

Manifolds for the monitoring of three (pH, 
alkalinity and total ionic concentratior?‘) or five 
(pH, conductivity, ammonia, nitrite and residual 
chlorine4’) parameters in drinking water by use of a 
single FIA configuration are other representative 
examples of the capacity of this technique. 

The on-line multi-analyte determinations by pro- 
cess FIA proposed by Schich and Karges19 make use 
of reverse FIA for the determination of sulphuric acid 
and zinc with a single process analyser, by sequential 
injection of the reagents into a flowing water 
stream which is merged downstream with a sample 
stream, and of time-based FIA titrations for the 

determination of sodium hydroxide and methyl 
mercaptan. 

HPLC-FIA coupling 

The use of an alternative analyser, as shown in 
Fig. 12, can be of considerable use when an evolving 
system is to be controlled by monitoring the presence 
of analogous compounds.q This approach involves 
the alternative use of the FIA system either 
independently or as a post-column reactor in liquid 
chromatography. The dual sampling allows storage 
in the sampler and filling of the injection valve 
(M) in the FIA system (1), which provides, after 

HPLC 

Carrirr 

Reagent 

Fig. 12. Block diagram of HPLC-FIA coupling for rapid determination of analogous compounds. P, 
peristaltic pump; V, injection valve; M, sample; CC, chromatograpbic column; W, waste (for details, see 

text). 
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the corresponding derivatization reaction, overall 
information on the total content of analytes having 
similar features. If a positive signal is obtained or if 
the overall concentration level of these compounds 
is above the permissible level, sample (M) from 
the sampler is injected through the valve of the 
HPLC instrument (V,) to discriminate between the 
analytes, thus yielding a high information level for 
troublesome samples. This avoid the continuous use 
of the liquid chromatograph, which is slower and 
much more expensive than FIA as a tool in analytical 
problems requiring a high sampling frequency. 

ADVANTAGES OF DISCRETE SAMPLING 
OVRR CONTINUOUS ON-LINE MEASUREMENTS 

Ranger’ has characterized FIA as a new approach 
for nearly real-time monitoring. True real-time 
measurement can only be achieved by direct 
monitoring of the product at the exit from the 
reactor. Otherwise, with downstream sampling the 
faster the fluctuations in the process stream, the faster 
the analytical results need to be available. If FIA is 
used, in principle the system used for discrete (batch) 
sampling can be used for continuous measurements 
by omitting the sampling valve and introducing the 
sample stream continuously, to give a completely 
continuous flow system. However, a major feature of 
FIA (constant check of baseline drift) is lost by 
leaving out the injection valve. With proper choice of 
injection frequency, there is a nearly complete return 
to the baseline between signals from successive 
injections, making it easy to detect and correct 
for slow fluctuations of the background. Also, 
elimination of the injection valve causes the loss of a 
major diagnostic tool: the shape of the signal from 
plug injection can warn the trained operator of any 
malfunctioning of the flow-injection system. 

CONCLUSIONS 

FIA has been revealed in recent meetings as a 
fast method for sample collection, preparation and 
measurement in industrial monitoring and control. 
Its ability to work under non-equilibrium conditions, 
a major advantage, allows rapid sample preparation 
and selective chemical measurement, at low cost. 
In-line conversion, degassing, dilution, precon- 
centration and filtration operations are also feasible.49 

An incipient trend is the use of large-bore FIA 
manifolds for process control, to avoid clogging 
problems. When the analyte is contained in a matrix 
which is potentially capable of clogging the channels 
of the microconduits and even of the currently avail- 
able commercial manifolds (id. 0.5 mm) the tubing 
diameter can be increased by a factor of at least 5. 
The effects produced on the dispersion factor by these 
changes in the diameter of the channels have not yet 
been widely tested, however.s0*5’ 
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Snmmary-The bromo-complex of thallium(II1) is extracted into di-isopropyl ether and reductively 
stripped into sodium sulphite solution, which is then analysed for thallium by atomic-absorption 
~~~er~~metry. Thallium in zinc and cadmium metals and process solutions can be determined by 

Di-isopropyl ether extraction is widely used for the 
separation and concentration of thallium, prior to its 
determination, usually by spectrophotometry or 
atomic-absorption spectrophotometry (AAS). Thal- 
lium in zinc and cadmium metals can be determined 
spectrophotometrically as ion-association complexes 
with Rhodamine B or Crystal Violet.‘-’ Though the 
anionic bromo-complex of thallium(II1) can be 
quantitatively extracted over a wide range of acid 
concentration (l-W4 hydrobromic acid), at the 
higher acidities other impurities are co-extracted.4 
The initial acid concentration therefore has to be 
controlled in calorimetric determinations3 but not if 
the determination is completed by AAS. Some 
workers determine the thallium by directly aspirating 
the di-isopropyl ether extract into the flame,’ but in 
our experience a very sooty flame is obtained and the 
sensitivity is lower than for aspiration of aqueous 
solutions. Electrothermal atomization has also been 
used.6*7 Solvents such as n-butyl acetate offer in- 
creased sensitivity and have been used in the deter- 
mination of thallium in geological samples with direct 
aspiration of the organic solution into the flame.8,9 
Recently, we found that the extracted thallium(II1) 
can be reductively stripped with a small volume of 
aqueous sodium sulphite solution and the thallium 

*Paper presented at the 5th Symposium of the Indian Society 
of Analytical Scientists, January 1988. 

tTo whom correspondence should be addressed. 

can be measured conveniently in the aqueous solu- 
tion. This procedure is adopted for the determination 
of thallium in cadmium and zinc metals and process 
solutions. 

EXPERIMENTAL 

Apparatus 
An Electronic Corporation of India model 4103-B 

atomic-absorption spectrophotometer was used, under the 
following conditions.‘0 

Wavelength 
Spectral band-pass 
Current 
Flame 

276.8 nm 
0.5 nm 

10 PA 
air-acetylene 

Reagents 
All chemicals used were of analytical grade. 
Standard thallium solution (1 mgjml). Dissolve 1.303 g of 

pure dry TlNO, in water in a 1-litre standard tlask and dilute 
to the mark. Dilute an aliquot 100-fold with water to obtain 
a 10 &ml solution. 

Sodium sulphite solution. Dissolve 1 g of anhydrous 
sodium sulphite in 100 ml of water. Prepare fresh every two 
or three weeks. 

Concentrated hydrobromic acid (47% w/w, m&U). 

Procedure 
Culibration. Place 40 ml of 2M hydrobromic acid in each 

of six 125-ml separating funnels. From a semimicro burette 
add 1,3,5,7,10 ml of thallium working standard (10 pglml) 
to five of the separating funnels and use the sixth for the 
blank. Make up the volume in each funnel to 50 ml with 2M 
hydrobromic acid. Add bromine water till a pale yellow 
colour persists. Equilibrate each solution with 25 ml of 
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Table 1. Determination of thallium in metals and process solutions 

Thallium content, ppm 

BY proposed BY 
Sample method spectrophotometry 

Cadmium metal 
Zinc metal 
Impure zinc sulphate solution 
Purified zinc sulphate solution 
Purified cadmium sulphate solution 

3.0&0.12* 3.0 
0.85 f 0.17. 0.85 

1.7ot 1.67 
O.lbt 0.10 
0.14t 0.15 

‘95% confidence limits (5 determinations). 
tAverage of 3 determinations. 

di-isopropyl ether by shaking the mixtures for 2 min. Allow 
the layers to separate and discard the aqueous phases. Scrub 
the organic phases once with 25 ml of 2M hydrobromic acid 
containing 0.1 ml of bromine. Discard the aqueous phases. 
Add 10 ml of 1% sodium sulphite solution to each funnel 
by pipette and shake the mixtures for 2 min. Collect the 
aqueous phases in centrifuge tubes and measure the thallium 
by AAS. 

Cadmium and zinc metal samples. Weigh S-10 g of metal 
into a 250~ml beaker, add 20-30 ml of concentrated hydro- 
bromic acid and 5 ml of bromine and cover the beaker with 
a watch-glass. Swirl the contents of the beaker intermittently 
till dissolution is complete. Expel the excess of bromine by 
heating the beaker gently on a sand-bath. Cool the contents 
of the beaker and transfer them to a 125.ml separating 
funnel. Dilute to 50 ml with distilled water, add bromine 
water till a pale yellow colour persists and continue as for 
the calibration. 

Process solutions. Take 25-50 ml of calcine leach solution 
(impure zinc sulphate solution) or SO-100 ml of purified zinc 
sulphate or cadmium sulphate solution (generally contain- 
ing < 2 mg/l. Tl) and add enough concentrated hydrobromic 
acid to give an acid concentration of about 2M, then 
continue as above, starting with addition of the bromine 
water. 

RESULTS AND DISCUSSION 

Table 1 gives the results obtained for thallium in 
cadmium and zinc metals and process solutions, and 
those obtained by a spectrophotometric method.3 
The values were also checked by the standard- 
addition technique, and were all in satisfactory 
agreement. 

The initial extraction is based on earlier methods 
for preconcentration of thallium, but as far as is 
known the stripping technique is novel. The solubility 
of thallous bromide is about 0.5 mg/ml at 25”, so 
there is no problem with p~ipitation in the stripping 
phase at the thallium levels dealt with. The method 
is simple, rapid and suitable for process and quality 
control. 
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Stunmary-Uranium in ores has been determined spectrophotometrically after extraction with tri- 
octylphosphine oxide (TOPO) into a molten mixture of biphenyl and naphthalene. By addition of 
salting-out agents such as sodium nitrate to the aqueous phase and cooling, the organic phase can be 
obtained as a solid lump on the surface of the aqueous phase, making its collection simple. The uranium 
can then be determined directly in the organic phase with I-(2-pyridylazo)-2-naphthol or 
2-(5-bromo-2-pyridylazo)-5-diethylaminophenol. 

The technique developed by Fujinaga et al., of 
liquid-liquid extraction of metal complexes into 
molten organic compounds, such as biphenyl’ or 
naphthalene,” followed by cooling, separation of 
the solidified organic phase and spectrophotometric 
determination of the metal is now well established.5 
The method has the advantages of giving high distri- 
bution ratios and preconcentration factors, since an 
organic/aqueous volume ratio of up to l/l000 can 
generally be used, and it is not necessary to use a 
separatory funnel. 

We have applied the technique”” to determination 
of uranium and zirconium. However, naphthalene 
has two disadvantages as a solvent: its volatilization, 
and adhesion to the wall of the extraction vessel. It 
is desirable to extract at as low a temperature as 
possible to minimize volatilization and also increase 
the degree of extraction of uranium, since the extrac- 
tion of uranium(V1) with TBP or TOP0 into diluents 
such as kerosene or cyclohexane is exothermic.‘2*L3 
Therefore, a mixed solvent of molten biphenyl and 
naphthalene was chosen; its melting point is at a 
minimum (52”) at a biphenyl/naphthalene weight 
ratio of 3/l. We have already reportedI that 
the extraction behaviour of uranium, water and 
nitric acid with a molten mixture of biphenyl and 
naphthalene is similar to that with cyclohexane, but 
the extraction is more exothermic than extraction 
into cyc10hexane,15 and the entropy change is 
smaller. In extraction with molten solvent the 
solidified organic phase is often interspersed in the 
aqueous phase, or formed unevenly on the bottom or 
the wall of the extraction vessel. It is then difficult to 
recover the organic phase quantitatively. This paper 
describes the use of salting-out agents for separation 
of the organic phase. If salting-out agents such as 
sodium nitrate are added to the aqueous phase, the 

organic phase is formed as a solid only on the surface 
of the aqueous phase. Therefore, the organic phase 
separates quantitatively from the aqueous phase, and 
does not adhere to the wall of the vessel. Once the 
solidified organic phase has been separated, it is 
dissolved in a solution of a chromogenic reagent in a 
polar solvent, such as ethanol. The proposed method 
has been applied to the determination of trace 
amounts of uranium in ores. 

Reagents 
EXPERIMENTAL 

All reagents were of analytical grade, and demineralized 
water was used for preparing the solutions. Aqueous stan- 
dard uranium(V1) solution (1000 mg/l.) was prepared by 
dissolving 0.2110 g of uranyl nitrate [UO,(NO,),~6H,O, 
Yokozawa Chemical Co., Ltd.] in demineralized water and 
diluting accurately to 100 ml. The stock solutions of other 
metal ions (O.OlM) were prepared by dissolving appropriate 
amounts of the salts in 100 ml of O.lM nitric or hvdrochloric 
acid. Solutions of uranium ores were prepared bi dissolving 
the ore in concentrated hydrochloric acid, evaporating 
several times with perchloric acid, and dissolving the residue 
in 144 nitric acid. The solution was filtered with No. 5A 
paper (Toy0 Roshi Co.) into a 100~ml standard flask and 
diluted to the mark with water. PAN and 5-Br-PADAP 
(Dojindo Chemical Co., Ltd.) were used as received. 
5-Br-PADAP solution was prepared by dissolving 50 mg 
in 100 ml of ethanol, and PAN solution by dissolving 
100 mg in 100 ml of ethanol. Triethanolamine solution was 
prepared by dissolving 10 ml of the Wako Pure Chemical 
Co. product in 90 ml of ethanol. TOP0 (Dojindo) was used 
as received. The solvent mixture was prepared by heating 
100 g of naphthalene and 300 g of biphenyl (both Wako 
products) in a 500-ml beaker on a water-bath at 60” until 
they had melted completely, and homogenized by stirring at 
60” for 30 min with a magnetic stirrer, and then allowed to 
cool to room temperature. The solid (m.p. 52”) was ground 
into fine powder in an agate mortar. 

Apparatus 

A Hitachi 101 spectrophotometer and a Hitachi-Horiba 
H-5 pH-meter were used. 
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Determkation of uranium(VI) in ores 
A suitable volume of sample solution, containing about 

20 peg of uranium, was transferred into a lo-ml test-tube 
fitted with a ground-glass stopper. The acidity was adjusted 
to 2M with nitric acid, and 1 ml of SM sodium nitrate was 
added, followed by 10 mg each of sodium fluoride and 
sulphamic acid. The solution was then diluted to 5 ml with 
water. Next, 80 mg of the mixture of biphenyl and naph- 
thalene plus 20 mg of TOP0 were added and melted 
completely by heating the tube in a water-bath at 60”. The 
tube was shaken vigorously for 1 min, allowed to stand in 
the bath for 30 min for phase-separation, then removed and 
allowed to cool to room temperature. The solid was filtered 
off, and washed with two 5-ml portions of sodium nitrate 
solution in 2M nitric acid, by melting the solid, shaking 
it with the aqueous phase and cooling, then dissolved in 
5 ml of ethanol. To this solution 2 ml of PAN solution and 
1.5 ml of triethanolamine solution were added and the 
volume was adjusted to 10.0 ml with ethanol. The absorb- 
ance of the solution at 555 mn was measured against a 
reagent blank. Alternatively, the solid was dissolved in 5 ml 
of ethanol, I ml of 5-Br-PADAP solution and 0.5 ml of 
triethanolamine solution were added, the volume was 
adjusted to 10 ml with ethanol, and the absorbance was 
measured at 575 nm against a reagent blank. 

RESULTS AND DISCUSSION 

Extraction conditions 

The time required to reach equilibrium at 60” was 
examined by measuring the uranium concentration in 
the aqueous phase after different periods of extrac- 
tion. Thirty seconds sulIiced for complete extraction, 
and a shaking time of 1 min was chosen for sub- 
sequent use. The amount of the solvent mixture was 
varied from 0 to 200 mg, with the amount of TOP0 
kept constant at 20 mg. The degree of extraction first 
rises with increasing amount of binary solvent, to a 
maximum at 10 mg, then gradually decreases with 
further increase of solvent. However, as separation of 
a solid phase is difficult when less than 20 mg of the 
binary solvent is used per 20 mg of TOPO, it is 
preferable to use more than 20 mg of the binary 
solvent, and 80 mg of the binary solvent are used per 
20 mg of TOPO. 

higher in ethanol than in the other six solvents and 
the colour was more stable. It was found that addi- 
tion of 1.5 ml of triethanolamine solution and 2 ml 
of PAN solution sufficed to develop the colour of the 
uranium complex completely. Similarly, 0.5 ml of 
triethanolamine solution and 1 ml of 5-Br-PADAP 
solution proved satisfactory. The molar absorptivity 
was found to be (2.52 + 0.04) x lo4 l.mole-‘.cm-’ at 
555 nm for PAN as reagent and (6.67 + 0.12) x 10’ 
l.mole-‘.cm-’ at 575 nm with 5-Br-PADAP. The 
coefficient of variation for ten replicate determin- 
ations of 23.8 pg of uranium(V1) was 0.5% with PAN 
and 0.2% with 5-Br-PADAP. 

E&ct of other ions 

Effect of salting-out agent 

In this extraction, the organic phase often solidifies 
dispersed in the aqueous phase, making its quan- 
titatively recovery difficult. The effect of sodium 
nitrate as salting-out agent was therefore examined. 
The extraction was quantitative when more than 
20 mg of sodium nitrate was used, and the organic 
phase easily solidified on the surface of the aqueous 
phase, allowing quantitative phase separation. 

Solutions containing 23.8 pg of uranium(W) and 
various amounts of other metal ions were prepared 
and the uranium was determined. The results are 
given in Table 1. There was no interference from 1 mg 
of Mg, Ca, Sr, Ba, Y, La, Ce, Nd, Eu, Cr, Mn, Cu, 
Zn or Al, but SC, Fe, Co, Ni, V and Zr gave 
considerable interference. Also, it is preferable to 
wash the separated solid with dilute nitric acid (con- 
taining 0.4% sodium nitrate), as uranium can be 
efficiently extracted from nitric acid whereas other 
metals (except scandium and zirconium) are poorly 
extracted.‘* By use of this procedure, interfering ions 
such as Fe(III), Co(II), Ni(II), V(V) and Sc(II1) can 

Table 2. Determination of 
uranium(W) (23.8 pg) in the 
presence of 1 mg of various 
cations after washing with two 
portions of a 0.4% solution of 
sodium nitrate in 2M nitric acid 

Spectral characteristics Cation 

The wavelengths of maximum absorbance of the 
uranium complexes were 555 nm with PAN and 
575 nm with S-Br-PADAP. Various organic solvents 
were examined for dissolving the solidified extract, 
such as methanol, ethanol, methyl isobutyl ketone, 
cyclohexane, dioxan, acetone, and dimethyl- 
formamide. The absorptivity of the complex was 

SC’+ 0.253 0.665 
VJ+ 0.252 0.651 
Fe’+ 0.254 0.660 
co2+ 0.253 0.665 
Ni2+ 0.252 0.667 
zI?+ 1.820 1.920 

*Chromogenic reagent A, 
PAN, B, 5-Br-PADAP. 

Table 1. Determination of uranium(W) (23.8 pg) in the 
presence of 1 ma of various cations 

Cation 

I++ 
Ca2+ 
Sr2+ 
Ba2+ 

Absorbance 

A B 

0.252 0.252 0.667 0.668 
0.252 0.667 
0.251 0.662 
0.252 0.665 

SC’+ 1.780 0.678 
Y’+ 0.253 0.664 
Ce’+ 0.254 0.667 

Absorbance 

Cation A B 

Cr’+ 0.253 0.656 
Mn*+ 0.252 0.665 
Fe’+ 0.348 0.681 
co2+ 0.275 0.693 
Ni2+ 0.283 0.668 
cd+ 0.256 0.670 
Zn2+ 0.253 0.667 

Nd’+ 0.252 0.667 Zr4+ 2.823 1.789 
VS+ 0.267 0.687 Al’+ 0.249 0.661 

Chromogenic reagent A, PAN; B, 5-Br-PADAP. 

Absorbance 

A* B* 
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Table 3. ~te~inatio~ of akin (23.8 ,ug) in the 
presence of 20 mg of various salts 

Absorbance 
Added, 

Salt mg A* B* 

- 0.252 0.667 
Sodium carbonate 0.251 0.662 
Sodium nitrate ;: 0.252 0.667 
Sodium chloride 20 0.263 0.682 
Sodium fluoride 20 0.252 0.666 
Sodium sulphate 20 0.254 0.668 
A~oaium chloride 0.252 0.664 
Sodium acetate ;: 0.257 0.665 
Sodium dihydrogen citrate 20 0.241 0.657 
Sodium tartrate 20 0.206 0.649 
Sodium oxalate 20 0.001 O.I68 
Sodium dihydrogen phosphate 20 0.098 0.628 
EDTA 8 0.252 0.667 
DCTA 10 0.249 0.658 

*Chromogenic reagent A, PAN; B, S-Br-PADAP. 

Table 4. ~te~nation of ura~~~1) 
(23.8 pg) in the presence of 20 mg of various 
salts after washing with 2M nitric acid (con- 

ditions as for Table 3) 

Absorbance 

Salt A* B+ 

Sodium chloride 0.251 0.668 
Sodium dihydrogen citrate 0,252 0.667 
Sodium tartrate 0.251 0.667 
Sodium oxalate 0.082 0.481 
Sodium phosphate 0.250 0.66s 

*Chromogenic reagent A, PAN, B, 
S-Br-PADAP. 

Table 5. Analytical results for the determination of uranium(V1) in an ore 

Method uranium, % 

TU~PAN~yclo~exane’8 6.1 +0.4 
TO~PAN-mol~n biphenyl* 6.1 &OS 
TOPO-Arsenazo BP9 5.9 * 0.2 
TOP&PAN-binary molten biphenyl-naphthalene 6.1 ItO.5 
TONS-Br-PADAP-bina~ molten biphenyl-naphthalene 6.1 f 0.2 

be removed (Table 2). The interference of Zr(IV) can 
be decreased by addition of sodium fhtoride and 
EDTA or DCTA before the extraction. Twenty mg 
of the following salts gave no interference: sodium 
nitrate, fluoride, sulphate or acetate, ~onium 
chloride and EDTA, but 20 mg of sodium chloride, 
oxalate, dihydrogen citrate, tartrate, or dihydrogen 
phosphate gave considerable interference (Table 3). 
Interfering ions such as chloride, citrate, tartrate and 
phosphate are only feebly extracted with TOP0 into 
the organic phase from acidic solution,‘6~‘7 and the 
intetference of those ions is eliminated by washing 
the solid phase with 5 ml of 2M nitric acid (Table 4). 
The interference by oxalate cannot be completely 
eliminated, 

The method was designed for the separation of 
uranium from other metal ions and its determination 
in uranium ores. The method was applied to analysis 
of an ore, and the results obtained were compared 
with those from a conventional method (Table 51, 
and found satisfactory. 
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Summary-Preconcentration by collection of metal complexes on chitin has been applied to the 
spectrophotometric determination of iron in water. The iron is collected as its l,lO-phenanthroline (phen) 
complex on a column of chitin in the presence of tetraphenylborate as counter-ion. The iron(II)-phen 
complex retained on the chitin is eluted with an acetone_lM acetic acid mixture (8:2 v/v), and 
the absorbance of the eluate is measured at 512 nm. Beer’s law is obeyed over the concentration range 
1. l-l 1.2 pg of iron in 10 ml of eluate. In the presence of EDTA as masking agent, Ca, Mg, Al, Mn, Zn, 
Cd and Pb do not interfere in concentrations up to 100 times that of iron(I1) and Co, Ni and Cu do not 
interfere in concentrations up to 20 times that of iron(I1). Common inorganic anions do not interfere in 
concentrations up to 10,000 times that of iron(I1). The proposed method has been applied to determination 
of iron in tap water. 

Numerous methods for preconcentration of trace 
elements have been developed. Attention has also 
been paid to the spectrophotometric determination 
of inorganic ions after preconcentration as their 

coloured complexes on various supports, including 
&,-bonded glass beads,‘-” membrane filters that 
are soluble in organic solvents,cb Amberlite XAD 
resin,‘-’ ion-exchange resin’~‘g and poly(viny1 
chloride) flm.20 

The natural polymer “chitin” has recently been 
used for the preconcentration of some metal ions as 
their anionic complexes by using its property as an 
anion-exchanger in acidic medium,21 an advantage 
being that the adsorption and desorption of the 
complexes are both fast. 

In the preliminary work on this property of chitin, 
we showed that iron, copper and chromium could be 
collected as their coloured complexes on a column 
of chitin in the presence of suitable counter-ions 
and then readily eluted with a small volume of 
eluent.** The present investigation concerns the use of 
chitin in preconcentration and spectrophotometric 
determination of iron as its l,lO-phenanthoroline 
(phen) complex. 

EXPERIMENTAL 

Reagents 
Chitin powder (Nakarai Chemicals) was washed succes- 

sively with IM hydrochloric acid, distilled water, and ace- 
tone, then dried at 40” for 24 hr in a vacuum oven. 

Standard iron(H) solution (1 mg/ml) was prepared by 
dissolving 3.51 g of iron(I1) ammonium sulphate hexa- 
hydrate in 50 ml of 1M hydrochloric acid and diluting to 
volume in a SOO-ml standard flask, and was further diluted 
as required. The phen solution (0.W) was prepared by 

dissolving 2.347 g of l,lO-phenanthroline hydrochloride 
(Wake Pure Chemicals) in 100 ml of water. Tetra- 
phenylborate (TPB) solution (0.03M) was prepared by 
dissolving 1.033 g of sodium tetraphenylborate (Dojindo 
Laboratories) in 100 ml of water. Other chemicals used were 
of guaranteed grade. 

Apparatus 
All absorbance and pH measurements were made with a 

Hitachi 200-100 spectiophotometez and a Hitachi-Horiba 
F-7,, pH-meter. A Hitachi 170-10 atomic-absorption 
spectrophotometer was also used for the determination of 
iron. 

Stanaiwd procedure 
Take 200 ml of sample solution containing up to 1 I .2 peg 

of iron. add 0.5 ml of 034 hvdroxvlammonium chloride 
(HA) and 1 ml of O.lM phen, and a&St to around pH 7 
with SM ammonia, then add 1 ml of 0.2M EDTA anh 0.5 
ml of 0.03M TPB. Pass the solution through the chitin 
column (polypropylene syringe, 12 nun i.d., ‘io mm long, 
0.5 g of chitin) at a flow-rate of 20 ml/min. Elute 
the iron-phen complex from the chitin with 10 ml of 
acetone-l M acetic acid mixture (8 : 2 v/v), and measure the 
absorbance of the eluate at 512 nm. 

RESULTS AND DISCUSSION 

Absorption spectra 

Figure 1 shows the absorption spectra of the 
iron(H)-phen-TPB complex and the reagent blank. 
The absorbance is measured at the absorption 
maximum at 512 nm. 

Choice of reaction conditions 

Figure 2 shows that the retention of the iron-phen 
complex was maximal and constant over the 
pH range 6.240 in the presence of TPB, but very 
low in the absence of the counter-ion. A pH of 
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0.3 

0 
400 450 500 550 600 

Wavelength (nm) 

Fig. 1. Absorption spectra of iron(IIkphen-TPB complex 
and reagent blank in the eluent: (a) reagent blank, (b) 

11.2 pg of Fe(B), measured against (a). 

around 7 (adjusted with 5M ammonia solution) is 
recommended. 

Maximum and constant absorbance of the eluate 
was obtained for 11.2 pg of iron with 50-, lOO- 
and IO-fold molar excess of phen, HA and TPB 
respectively, relative to the iron. 

Various counter-ions were tried and the results 
are shown in Fig. 3. Though 1,5-naphthalene- 
disulphonate and 1-naphthalenesulphonate were 
ineffective, both TPB and dodecyl sulphate (DS) 
were suitable but a higher concentration of DS was 
needed, so TPB was selected as the counter-ion. 

Acetone, methanol and N,N-dimethylformamide 
(DMF) were tested as eluents, but when used alone 
gave ehtates which had non-reproducible absorbance. 
Mixtures of acetic acid with acetone or DMF gave 
eluates with reproducible absorbances and 8:2 v/v 
acetone-W acetic acid mixture was selected as 
eluent. The absorbance of the eluate thus obtained 
was constant for 24 hr. 

The flow-rate for the absorption step was varied 
from 5 to 80 ml/mm (with forced flow when the 
flow-rate was more than 10 ml/min). Collection of the 
complex was incomplete when the flow-rate exceeded 
60 ml/min. The complex was readily eluted with 10 ml 
of eluent within 2 min. 

0.3 
r 

-5 6 7 6 9 

PH 
Fig. 2. Effect of pH on the adsorption of iron(H)-phen 
complex: (a) in the presence of TPB; (b) in the absence of 

TPB; 11.2 pg of Fe(I1). 
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Fig. 3. Effect of counter-ion concentration on the ad- 
sorption of iron(H)-phen complex: (a) TPB; (b) DS; (c) 
1,5-naphthalenedisulphonate or I-naphthalenesulphonate; 

11.2 leg of Fe(I1). 

Calibration, precision and other parameters 

The calibration curve obtained by the standard 
procedure was linear over the concentration range 
1.1-l 1.2 pg of iron in 10 ml of eluate. The molar 
absorptivity was 1.06 x 10’ l.mole-l.cm-‘. The 
relative standard deviation was 1.2% for 5.6 pg of 
iron (7 measurements). Recoveries of iron (11.2 pg) 
from various volumes (100-1000 ml) of solution 
were found to be constant over this range of sample 
volume. Up to loo-fold concentration could easily 
be achieved. 

Ten successive adsorption and desorption cycles 
with 11.2 pg of iron on the same chitin gave almost 
identical results. 

Intrerferences 

Table 1 shows the effect of diverse ions. The 
tolerance limit was taken as the amount causing an 
error of f3% in the absorbance. For the deter- 
mination of 516 pg of iron, almost all metal ions 
which react with phen do not interfere (in concen- 
trations up to 100 times that of the iron) when EDTA 
is added after formation of the iron(phen com- 
plex. The EDTA acts as a masking agent, and for 
kinetic reasons does not interfere with the deter- 
mination of iron if it is added after the complexation 
with phen. Cobalt, nickel and copper can be tolerated 
only in concentrations up to 20 times that of the iron 
even in the presence of EDTA. Fluoride, chloride, 
perchlorate, nitrate and sulphate do not interfere 
in concentrations up to 10,008 times that of iron. 
Potassium and ammonium ions etc., might cause 

Table 1. Tolerance limits for the determination of 5.6 peg of 
iron(H) 

Ion added 
Ion/Fe(II) ratio 

tolerated 

F-, Cl-, NO,, ClOi, SOi- 104 
Sodium citrate, tartrate, oxalate 10’ 
Ca(II), Mg(II), Mn(II), Zn(II), 100* 

Cd(II), Pb(II), Al(II1) 
Co(II), Ni(II), Cu(I1) 205 

*EDTA added to give 1 x IO-‘M concentration after 
formation of the metal-phen complexes. 

TAL. 3615-F 
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precipitation of some TPB, but should not interfere 
otherwise. 

Application 

The proposed method was applied to the deter- 
mination of iron in tap water. Five replicate portions 
of sample, after pretreatment with concentrated 
hydrochloric acid, were analysed individually by 
the standard procedure and gave an average value of 
30.3 ng/ml with a standard deviation of 0.6 ng/ml. 
The same sample was also analysed by atomic- 
absorption spectrometry with a standard addition 
method, and gave a value of 32.0 ng/ml. These results 
show reasonable agreement. 

Conclusion 

An adsorption-elution and spectrophotometric 
method using chitin for the separation is proposed for 
the preconcentration and determination of iron. The 
adsorption of the iron(phen complex on chitin 
takes place quantitatively over a narrower pH range 
than that for extraction of its ion-associates with 
suitable counter-ions into nitrobenzene or chloro- 
form,2”5 but the method has the advantages of 
rapidity, a high concentration factor, and repeated 
use of the same sorbent. 
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Summary-Metal stoichiometry in superconducting bulk materials and thin films made of LaSrCu-oxides, 
YBaCu-oxides, and BiCaSrCu-oxides were determined by inductively coupled plasma atomic-emission 
spectrometry (ICP-AES) after dissolution in a 1: 1 mixture of 20% v/v hydrochloric and nitric acids. The 
method provides reliable results, with which a variety of manufacturing processes can be optimized. The 
precision of the metal determinations ranges from 3 to 9%. 

Since the announcement of a new class of super- 
conductors,’ a variety of materials with ever higher 
transition temperatures have been discovered.2‘4 
These advances have come at a rapid pace and have 
generated intense interest and the potential for 
numerous applications, many of which require the 
preparation of thin film devices. Such developments 
have resulted in the need for analytical methods 
which would provide reliable analysis of the bulk 
materials and thin film samples. Whereas the bulk 
materials have been prepared with relative ease 
and characterized quite reliably, the development 
of superconducting thin films has been critically 
dependent on the reliability of results provided by the 
analytical laboratory. This was especially true in the 
early stages of film production, as the deposition 
properties of these complex matricess’0 were not well 
understood. 

We have successfully utilized a variety of thin 
film and microprobe analytical techniques” such as 
electron microprobe (EMPA), Auger electron spec- 
troscopy (AES), secondary ion mass spectroscopy 
(SIMS), and Rutherford back-scattering (RBS) 
to characterize thin film superconductors. These 
techniques have been employed to study such 
effects as the diffusion of substrate materials into the 
film, fractionation of the constituent metals during 
deposition, formation of multi-phase materials, and 
determination of phase composition.” However, the 
accuracy of the analyses of the bulk composition of 
the thin films by these techniques has left much to be 
desired, owing to the often heterogeneous nature, 
both laterally and in depth, of these films. 

Initial developments in investigation of thin- 
film deposition of superconductors were primarily 
concerned with the average (bulk) composition of the 
films but required characterization of large numbers 
of films, with errors not exceeding f lo%, in fairly 
short analysis time (24 hr). These requirements, as 
well as the sample heterogeneity, precluded the use of 
the standard thin-film characterization methods. 

The following criteria were therefore used in select- 
ing an analytical method. 

1. The average composition of the material 
deposited over a large area (l-5 cm2) is to be 
determined. 

2. The substrate material (polished sapphire, 
MgO, oxidized silicon, ceramics, carbon and stron- 
tium titanate) should not interfere with the metal 
determinations. 

3. The overall precision and accuracy should be 
within & 10%. 

4. A method which will provide the results for 
numerous samples within the same day is essential. 

5. The method should be applicable to very thin 
films (a few hundred A) and must therefore have high 
sensitivity since in sowe cases only a few pg of sample 
will be available. 

One technique that meets these criteria is inductively 
coupled plasma atomic-emission spectrometry 
(ICP-AES).” In this paper we describe its application 
to the characterization of thin film samples. 

Materials 

EXPERIMENTAL. 

Ultrapure demineralized water (Millipore Corp., Bedford, 
MA), high-purity metal standards - (SPEX Industries, 
Edison. N.J.). and ultranure acids (Vltrex made. J. T. Baker 
Chemidals CL.) were u&d for the ireparaGon ok calibration 
standards. Multiple-element working standard solutions 
were prepared weekly from 1000 mg/l. single-element stock 
solutions. A 1: 1 v/v mixture of ultrapure hydrochloric and 
nitric acids was diluted fourfold with water and used for 
dissolving the samples. 

Instrumentation 

The metals were quantified by ICP-AES on an Instru- 
ment SA/Jobin Yvon model JY38P (Metuchen, N.J.), 
equipped with a high-resolution Czemy-Turner type. mono- 
chromator (0.007 nm resolution), and an adjustable concen- 
tric pneumatic nebulizer made of Teflon. The nebulizer 
argon flow was monitored with a mass-flow controller 
(Tylan Corp.). The spray chamber was made of Riton and 
the plasma torch was of the fused-silica type. Optimized 
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Table 1. Plasma operating parameters 

Frequency 
Radiofrequency 

forward power 
Ar coolant flow-rate 
Nebulizer flow-rate 
Auxiliary Ar flow-rate 

27.12 MHz 

1.1 kW (reflected < 5 W) 
15 l./min 
0.6 l./min 
0.6 l./min 

Observation height 18-20 mm above load cell 

plasma operating parameters provided by the manufacturer 
were used, with minor adjustments, and are presented in 
Table 1. 

The samples were introduced into the ICP torch by means 
of a Gilson Minipuls-2 pump and a manifold of Solvaflex 
tubing (Fisher Scientific Co.) The flow-rate was set between 
0.75 and 1.00 ml/min. 

Before each run, spectral profiles were checked and 
background corrections made where necessary. Three 
readings were usually programmed for each measurement. 

Method 
For the bulk sample analyses, lO-mg samples were dis- 

solved in lo-20 ml of the mixture of hydrochloric and nitric 
acids, and diluted to volume in a 250-ml standard flask with 
demineralized water. For thin-film analysis, films of different 
thickness (0.05-1.00 pm) and area (l-5 cm2), prepared by 
a variety of fabrication techniques, such as UHV electron- 
beam,“*@ large area plasma spray,7 magnetron sputtering,s 
RF diode sputtering 9 and single-target magnetron sputter- 
ing,‘O were dissolved in l-2 ml of the hydrochloric/nitric acid 
mixture, then these sample solutions were quantitatively 
transferred into a 25-ml or larger standard flask and diluted 
to volume before ICP-AES readings were taken. In all 
analyses, appropriate dilution of sample solutions was made 
based on either weight of sample or an estimate calculated 
from the thickness of metal deposits and sample area to 
ensure that the sample solution was within the concentration 
range of calibration standards. 

Matrix eflects 
To minimize any effect of acid/salt matrix interferences on 

the analyte emission signals, the acid concentration was kept 
within l-2% v/v for both acids in the standard and sample 
solutions for the La,,,Sr,,CuO, and YBa2Cu,0, 
compounds. A higher concentration (6-E% v/v) of the two 
acids was used for the Bi,CaSr,CqOs material to prevent 
the precipitation of BiOCl. 

Because of their very low solubility in the acid mixture 
used, there was no interference by the substrates. 

RESULTS AND DISCUSSION 

Detection limits 

The weight of film material deposited on various 
substrates received in this laboratory ranged 
from 200 to 5000 pg per sample for the 
LaSrCu-oxide group, from 150 to 1500 pg for the 
YBaCu-oxide group, and from 200 to 5000 pg for the 
BiCaSrCu-oxide group. When the smallest samples 
were dissolved in 25 ml of the acid mixture, the 
concentrations of the metals in solution were 
several orders of magnitude above the limit of 
detection and were in the quantification range.“*” 
The detection limits obtained with the experimental 
conditions above suggest that the metal stoichiometry 

1.0 r A Go 233.527 nm 

A WAVELENGTH 

Fig. 1. An ICP-AES spectral scan of Ba at 233.527 nm. 

of films 1 cm2 in area and 500 A thick could be 
determined reliably by this procedure. 

Spectral interference 

Bias due to spectral interferences was minimized 
by careful selection of the ICP-AES emission lines. 
Only fully resolved lines were used. A scan of the 
Ba 233.525 nm line is shown in Fig. 1. The vertical 
arrows delineate measurement positions for back- 
ground subtraction. All measurements were per- 
formed at two different wavelengths (see Table 2). 
The two results usually agreed within the precision 
limits and the average value was reported. 

Precision and accuracy 

The precision of the method was established by 
dissolving samples made from the bulk materials, 
and films produced by RF diode sputtering9 for the 
LaSrCu-oxide group, and films produced by the 
large plasma spray technique’ and by single- 
target magnetron sputteringlO for the YBaCu-oxide 
group. Only bulk material was analysed for the 
BiCaSrCu-oxide group. 

Ten replicate determinations were made for each 
class of bulk superconductors and 617 measure- 
ments were made for films. For ease of comparison 
the results are presented in Table 3. Generally poorer 
precision was obtained with film preparations. Since 
the stoichiometries and concentrations (-40 mg/l.) 
were basically the same for the bulk samples as found 
for the films, it appears that the fabrication processes 
used produced films in which the variation in 
stoichiometry is reflected in the analytical precision, 
These experimental variations, both in measurement 

Table 2. Wavelengths used in ICP-AES 
determinations 

Element 
Wavelengths, 

nm 

Ba 233.527; 455.403 
Bi 223.061; 289.798 
Ca 317.933; 396.847 
cu 324.754; 327.396 
La 333.749; 379.478 
Sr 407.771; 421.550 
Y 360.073: 371.030 
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Table 3. Comparison of precision (R.S.D., %) obtained for analysis of bulk and tilm materials 

LaI.sSrO.&uG, YBa,Cu,O, Bi,CaSr,Cu,O, 

Element Bulk Film* Bulk Fihnt Films4 Bulk$ 

Ba 
Bi 
Ca 
cu 3.8 3.4 
La 2.9 4.0 
Sr 3.2 5.6 
Y 

*RF diode sputtering, n = 6. 
tLarge plasma spray process, n = 17. 
$Magnetron sputtering, n = 7. 
$In.&icient data for films. 

3.8 5.3 5.9 
3.1 
3.4 

4.1 1.9 3.2 3.1 

3.4 
3.9 1.3 9.0 

and in fabrication, were within the acceptable limits 
of variability as defined by fabrication requirements. 
Further evaluation of the analytical accuracy will 
depend on the ability to produce thin-film samples 
with a higher degree of homogeneity. 

Except for the BiCaSrCu-oxide group, the stoichio- 
metric composition of most samples approached the 
ideal (La,,83Sr,,.r3Cu0, and Y,,Ba,..,Cu30,). 

The total matrix spectral interference was evalu- 
ated from the mean recoveries of standard metal 
additions (2.00 and 4.00 mg/l.) to bulk and film 
samples. The recoveries ranged from 95.0 to 106.5%, 
depending on the type of sample. Addition of the 
metals present in samples to standard solutions did 
not produce any interferences at the wavelengths 
used. 

CONCLUSION 

We have demonstrated that ICP-AES is extremely 
useful for the determination of the average metal 
stoichiometry of a variety of bulk and thin film 
superconducting materials. Although the technique 
does not yield information on the spatial distribution 
of the metals in thin-film samples, its accuracy, short 
response times and high sample throughput should 
meet the demands made on the analytical laboratory 
during the optimization of deposition processes. The 
method is easy to use and the entire procedure takes 
only 2-4 hr. 
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Summary-The use. of internal coupling of valves as an easy and handy way to intersperse calibration 
and determination is shown. The advantages of derivative over normal recordings are considered. 

Although the accuracy of any analytical method can 
only be ensured through calibration, on-line analysis 
is the most demanding in this respect. To minimize 
the effect of detector drift in on-line process control, 
the calibration must be checked at more frequent 
intervals than it would in batch analysis. The fre- 
quency of checking can be optimized by use of the 
Bayes risk criterion. 

One possibility in process-control is to intercalate 
standards at suitable intervals, but this may disturb 
the regularity of sample analysis. Provided the 
analysis time is short enough, standards and samples 
can be alternated, however, and this can be done with 

the aid of FIA configurations in which two rotary 
injection valves are coupled internally, such as those 
used for establishment of a pH-gradient.‘** Earlier 
applications were aimed at determination of two 
components in the same sample; the method reported 
in this paper determines the same component in two 
different solutions (sample and standard). 

The basic configuration is shown in Fig. la. The 
sample and calibration solutions fill the loops of 
valves V, and V,, respectively, in the injection unit 
depicted in Fig. lb. By continuous injection of the 
contents of both loops, sample and standards are 
introduced in a standard-sample-standard sequence 

(a) 

Carrier 

Calibration 
solution 

(b) 

- - 
solution 

Sample 

0 

(TO detector) 

Calibration 
w 

solution 
(WI 

Fig. 1. (a) Basic FIA configuration for sandwich standardization. (b) Detail of the valve assembly. Loops 
L2 and L, are filled with the standard solution and loop L, contains sample. When V, and V, are switched 
to give continuous flow through L,, L, , L,, the standard-sample-standard plug is transferred to the 
carrier stream, and loops L2 and L, are left filled with standard ready for the next sample, which refills 

L, once valves V, and Vz are returned to their original positions. (c) Shape of the injected plug. 
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(Fig. lc). The resultant sandwich of plugs later 
merges with the reagent, which creates three reaction 
zones along reactor Rz. Each provides a signal on 
passage through the detector. 

The performance of the method has been tested for 
the determination of formaldehyde (a common water 

pollutant3) in water, the method chosen being the 
sulphite/pararosaniline system, with photometric 
monitoring at 578 run.” 

EXPERIMENTAL 

Reagents 
Pararosaniline (Fluka), 1 g/l. solution in 0.252M sul- 

phuric acid containing 8% v/v ethanol. Anhydrous sodium 
sulphite (Merck), 0.5 g/l. solution. Formaldehyde solution, 
370 g/l. 

Apparatus 
A Pye Unicam SP6-500 spectrophotometer connected to 

a Radiometer REC-80 recorder equipped with an REA 260 
differentiating unit was used as the detector. A Gilson 
Minipuls4 peristaltic pump, a Hellma 178.12QS flow-cell 
(inner volume 18 pl), a Tecator TM II chemifold, and two 
Rheodyne 5041 injection valves were also used. 

Configuration 
The manifold used is shown in Fig. la. The carrier was 

a distilled water stream (q, = 0.3 ml/min), and the reagent 
was formed at a prior confluence point (not shown) by 
merging of the sulphite and pararosaniline channels (both 
flowing at 0.4 ml/min, so q2 = 0.8 ml/min). R denotes the 
reactors (R, = 30 cm; R, = 380 cm, inner diameter, dri, 0.5 
mm), and L denotes the loop tubes (Fig. lb). The lengths 
of these tubes have been adjusted to match those of the 
reactors to eliminate mutual contamination between con- 
tiguous sample-standard zones. The lengths chosen were 
L, = 320 cm; L = 350 cm and L, = 285 cm (+i = 0.5 mm). 

RESULTS AND DISCUSSION 

The key parameters are the loop lengths and 
volumes and the flow-rates, because mutual con- 
tamination through the standard-sample-standard 
interfaces, Fig, lc, increases with increasing plug 
dispersion. The optimization procedure aims at 
finding the shortest lengths of the L tubes that will 
yield maximum signal heights for the standard and 
sample plugs. For the L values listed above, the three 
peaks have short plateaux, revealing the absence of 
intercontamination between the adjacent plugs. Fast 
reactions (redox or complex-formation) allow use of 
shorter L tubes, faster flow-rates and shorter R 
reactors (decreased plug dispersion). 

The recordings obtained are shown in Fig. 2 [a, b, 
x US. t recordings; c,d, derivative dx/dt =f(t) record- 
ings]. Three reaction zones can be distinguished in the 
normal x-t recordings, each characterized by a short 
plateau, the first and third being of the same height 
because the L loops were long enough to ensure that 
the non-dispersed central zone of each plug merged 
in the same way with the reagent mixture, resulting 
in the same reaction-time for each plug. This allows 
direct comparison between the sample and standard 
signals. The derivative signal also allows direct com- 

(a) 

(cl 

I (d) 
m 

1 0.050 Abr./sec 

k 4r 
Fig. 2. Types of recordings obtained for different sample 
and standard concentrations: (a) and (b) normal x-t 
recordings; (c) and (d) derivative recordings and measuring 
procedure. Concentrations: (a) and (c) standard 1 J&III 
formaldehyde, sample 1 pg/ml formaldehyde; (b) and 
(d) standard 1 fig/ml formaldehyde, sample 4 rg/ml 

formaldehyde. 

parison of sample and standard by means of the 
central peak and trough of the four-peak recording 
obtained (Fig. 2, c and d), which correspond to 
inflexion points in the normal recording. When the 
sample concentration exceeds that of the standard, 
the first sample signal is a peak and the second a 
trough (Fig. 2d); the opposite holds if the sample is 
less concentrated than the standard (Fig. 2~). The 
greater the difference between the two concen- 
trations, the greater is that between the peak and 
trough. 

In practice the samples are inserted into the off- or 
on-line FIA system, alternated with standards (of the 
same or different concentration) during the work 
session. This type of configuration (confluence of the 
injected plug and reagent) yields no blank signals, so 
the calibration plot can be based on a single standard 
and the origin. Figure 3 illustrates a practical example 
in which two standards of 1 .O and 3.0 pg/ml for- 
maldehyde were alternately injected during the 
analysis of five samples, the first of which contained 
no analyte and had nil absorbance. The equation 
defining the calibration graph was A = 0.048C 
(where A = absorbance and C = formaldehyde con- 
centration in pg/ml) with linearity up to 14~g/ml. 

If the derivative recordings are used, the equation 
defining the calibration curves is dA/dt = O.O83C, the 
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pin+ 

I Abeorbonce 
(a) 0.020 

MA . 

2m& 

I II 

I 0.050 Abs./rec 

(b) I? % 

1 
III 

fi 

IV 

2, - 
V 

Fig. 3. (a) Normal and (b) derivative calibration recordings obtained from two different formaldehyde 
standards. Concentrations: I, standard 1 fig/ml, sample 0 pg/ml; II, standard 1 pg/ml, sample 2 &ml; 
III, standard 3 pg/ml, sample 2.5 pg/ml; IV, standard 1 pg/ml, sample 4 pg/ml; V, standard and sample 

both 3 pg/ml. 

measurements being performed as indicated in Fig. 2, latter case, the system can be made fully automatic by 
c and d. The equation shows the sample-standard coupling the process line to V, and a single standard 
difference to be 0.083 ml. pg-’ . see-’ (from the maxi- to V2. The basic configuration can be made more 
mum to minimum if the sample concentration flexible by introduction of selecting valves which, 
exceeds that of the standard, or from minimum to through a microprocessor, allow for sporadic cali- 
maximum otherwise). The advantage of the deri- bration or recalibration, the time thus saved being 
vative recordings is easier detection of the used to analyses pairs of samples taken from two 
sampI_tandard differences, as well as the sign of different points in a process stream. 
these differences. 

Although the analysis time of this particular appli- Acknowledgement-The C.I.C.yT is thanked for financial 

cation is long by normal FIA standards, that is a 
support (Grant No. PA86-0146). 

consequence of the system selected as model. As 
explained above, much faster times can be achieved 
for other systems. 

1. 

CONCLUSIONS 2. 
3. 

The feasibility of simultaneous calibration and 
determination with a simple FIA configuration is 4 
shown. The system can be used for routine off-line ’ 
laboratory work and on-line process control. In the 
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Summary-The ionic equilibria in neutral amphiprotic solvents (isopropyl and rerr-butyl alcohols) 
have been established, and equations to calculate pH values in solutions of acids, bases, salts or their 
mixtures, developed. The effect, on the dissociation equilibria, of the presence of small quantities of water 
or other solvents in the bulk solvent used has been taken into account in the proposed equations. On the 
basis of these equations some buffer solutions have been studied and recommended for electrode 
standardization. The results, tested by experimental work, show the importance of the incompleteness of 
dissociation of salts in these solvents, which decreases the pH of acid buffers and increases the buffer 
capacity. 

In recent years the chemistry of non-aqueous 
solutions has been gaining in significance. Today 
the theory is developed to such an extent that it 
is possible with a reasonable degree of certainty to 
predict the behaviour of a substance in a given sol- 
vent, to explain theoretically the processes involved 
in the titration of different solutes, and to make 
quantitative calculations.‘” 

This paper deals with the study of ionic equilibria 
in some neutral amphiprotic non-aqueous solvents, 
in particular isopropyl and terf-butyl alcohols. These 
solvents are similar to water in some respects, the 
acid-base equilibria being mainly determined by the 
autoprotolysis of the solvent, and the pH scale by 
the autoprotolysis constant. Furthermore, the alco- 
hols selected show the lowest autoprotolysis con- 
stants among the alcohols available’*9*‘0 and thus 
are the most suitable for differentiating titrations. 
Moreover, they have the advantages of being com- 
mercially available in high purity, and having low 
volatility. 

However, isopropyl and tert-butyl alcohols have 
low dielectric constants, and ion-pair, and in some 
cases triple-ion formation, must be considered. This 
implies that salts are incompletely dissociated in these 
solvents, in contrast to the case for solutions in water, 
where the dissociation of the salt must rarely be taken 
into ac.;:ount. Also, the activity coefficients must be 
considered because of their exponential dependence 
on the inverse of the dielectric constant. 

In this work all the equilibria which should be 
considered in isopropyl and rert -butyl alcohols have 
been established, and equations to calculate the pH 
of solutions of an acid, a base, a salt or their mixtures 
have been developed. Also the effect of water on the 
autoprotolysis constant and in the dissociation of a 
base, such as tetrabutylammonium hydroxide, has 

been considered. The pH values of some buffer 
solutions, as well as the buffer capacities, have been 
calculated. 

THEORY 

Autoprotolysis equilibria in a solvent 

Since the autoprotolysis of a solvent governs the 
pH scale of the solvent, it is important to know the 
value of this constant. 

The autoprotolysis equilibrium for a protic solvent 
HS can be written as: 

2 SH= HrS+ + S-; Km = [HrS+][S-]y2 (1) 

where KHs is the autoprotolysis constant and y the 
mean ionic molar activity coefficient. For simplicity, 
the activity coefficients of all the ions involved in the 
equilibria studies in this paper will be considered 
equal, despite their differences in size. 

For a pure solvent, equation (1) gives the pH 
scale, but in practice the observed pH scale is shorter 
than that expected from pK,, because of the pres- 
ence of impurities, especially water. Water is dissoci- 
ated to a greater or lesser extent, and produces 
H+ and OH- ions which act in the same way as the 
H+ and S- ions of the solvent. This is very similar to 
the case for mixtures of solvents with very similar 
acid-base properties (e.g., water-alcohol mixtures),3 
but the water is considered as a solute because of its 
low concentration. 

The dissociation equilibrium of the water will be 

where 
in the 

2Hz0=H30+ + OH-; 

KH~ = [Hjo+ l[OH- Iv */[H201* (2) 

KHp is the self-ionization constant of water 
given solvent. 

TAL 3616-A 
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Two other equilibria can be considered for the 
water: 

H,O + HS=H$+ + OH-; 

K a(HzO) = W2S+ IfOH- IY~/[H~OI (3) 

2H,O + HS=HjO+ + S-; 

K b(H20)= WP+IF IY~/[H~OI (4) 

where K(H~o) and &(H~o) are the acidity and basicity 
constants of water in relation to the main solvent. 

The apparent autoprotolysis constant of a solvent 
(KwIv,,,) containing a slight fixed quantity of water, 
can be defined as: 

K so~veot = (P-W+ I+ W2S+ I) WI + [OH- lb2 (5) 

or 

K solvent= KHS + (&(H~oJ + KxH~o)) W201 

+ K~,o[H201*. (6) 

This equation shows that the presence of water 
narrows the pH scale of the solvent, and thus it must 
be reduced to the minimum. If [H,O] is constant, 
as in most solvents (usually 0.05-O. l%), Kaolwnt can 
be considered constant, and used for further calcula- 
tions in the same way as KHs. 

Other ions more complex than HJOf or H2S+ can 
be formed in the medium by solvation of H+ ions 
with two or more molecules of solvent or water. More 
complex expressions for Kmlvent would be developed 
in this case but, in fact, for all of them KsolvEn, is 
constant if [H,O] is constant. Ksolvsnt is the “auto- 
protolysis constant” usually determined by potentio- 
metric methods, because these measure the overall 
[H+]. For simplicity this overall proton concen- 
tration will be indicated as [H+], i.e., [H+] = 
[H,O+] + [H$+ I. 

If the presence of water is reduced so much that 

KHS D (K(H~oJ + Kb(H20)) W201+ &o[H2012, 

then K&_, = KHs and the calculated constant is the 
real autoprotolysis constant of the solvent. On the 
other hand, if 

KHS a K(H~o) + &(H20)) [Hz01 + KH~~K@~~~ 

then 

K so~vmt= K(H,OJ •t KwH~oJ)[H~~I + KH~o[H~OI~ 

and the calculated constant is very dependent on the 
dissociation of water in the solvent, which really 
provides the acid-base behaviour of this solvent. 

The same considerations are applicable if another 
amphiprotic solvent, different from water, is present 
in low quantity: it also reduces the pH scale of the 
medium. Thus the presence of water or other sol- 
vents, such as the solvents added to the commercial 
titrants, should be controlled. 

Solution equilibria of an acid 

Because of ion-pair formation, the dissociation of 
an acid (HA) must be considered in two steps; the 
first is ionization of the acid: 

HA= H+A-; KqHAj = [H+A-]/[HA] (7) 

The second is the dissociation of the ion-pair: 

H+A-z$H+ + A-; 

&HA) = [H+~[A-~Y~/[H+A-~ (8) 

H+ being solvated by both HS and H20. 
Usually an overall acidity constant (K,) is defined 

as: 

or 

K, = [H+][A-]y2/([HA] + [H+A-I) (9) 

K, = K~(HA)K~(HA)/(~ + &HA)) (10) 

which is constant for a given acid in a given solvent. 
For simplicity a concentration constant, K~~id, is 
defined: 

K: = 41~ 2 (11) 

Because they refer only to dilute acid solutions 
in amphiprotic solvents with high hydrogen-bond 
acceptor characteristics,’ the homoconjugation effects 
are negligible and are not taken into account in this 
work. 

Solution equilibria of a salt 

Because salts are constituted of ions, only the 
dissociation equilibrium must be taken into account 
in an amphiprotic solvent of low dielectric constant. 
A dissociation equilibrium has to be considered 
because of ion-pair formation in these solvents. 
The constant (KA,) can be defined as: 

B+A-=B+ + A-; 

Ksa,t = [B+~[A-~Y*/[B+A-~ (12) 

and also 

K:,,, = L,,IY 2 (13) 

Solution equilibria of a base 

The dissociation equilibrium of a base of type 
BS (lyate of the base) would be very similar to the 
equilibrium of a salt: 

B+S-=B+ + S-; 

&,,s, = [B’IP-ly2/[B+S-1 (14) 

However, in non-aqueous titrations tetra-alkyl- 
ammonium hydroxides are generally used as titrants. 
If it is considered that the OH- ion acts as the only 
base present in the medium, then 

B+OH-GB+ + OH-; 

(15) 
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but OH- ions can also react with the solvent to give 
S- ions. The following equilibrium must then be 
taken into account: 

OH- + SH= S- + H20; 

D-WI is- I/W-i - 1 

= W,,,o,DWl + &-IS M&~o[H~Ol+ Kq1.120) 1 (16) 

The last equilibrium must be considered even in the 
case of a base of type BS, because S- ions can 
react with any water present in the solvent to given 
OH- ions. Then, as in the case of the autopro- 
tolysis equilibria, both S- and OH- ions must be 
considered, and an overall dissociation constant of 
the base (Kb) can be defined: 

~~~~~+l~~~-l+~~~-I~y* 
[B+S-] + [B+OH-] 

(17) 

K;, = KJy= 

From equations (14) and (15), however, 

]B+S-I = P+lF-IY%,, 

P+OH-I = P+IW-IY~/&~,,, 

and substitution in equation (17) gives 

(18) 

(19) 

(20) 

Kb = Kd(as)Kd(ao~)([S- I + IOH - I) 

Kdoo,,[s- 1 + &&OH - 1 
(21) 

Multiplying the numerator and denominator of 
equation (19) by ([H,O+] + [H$+]) and taking into 
account equations (l)-(6) yields the following 
equation: 

+ &ces&,o[H# + KqH20j) P-401) (22) 

As in the case of autoprotolysis of the solvent, the 
presence of water affects the basicity of the base 
because both OH- and S- can act as a base. If 

KHS + &~,o,[H,ol B KHBWI* + KqH20jH@l, 

then Kb = Kd(ss), but if 

Ku, + K~(H~oJ[H@~<< K~,oWz01~ + KqH~o#Wlr 

then Kb = Kdu,oHj. 

Triple -ion formation 

In solvents of low dielectric constant, formation 
of triple ions by union of an ion-pair (B+A-) with 
an ion (A- or B+) is observed. The energy of BzA+ 
and BA; ions differs only according to the size 
of these ions, and usually no difference can be 
discerned.” 

In a solvent such as tert-butyl alcohol the overall 
constants of triple-ion formation are about 100 or 
less, and K4, is 10-5-10-4.12~13 With constants of this 
size, the effect of triple ions in the dissociation 
equilibria of the electrolyte can be neglected for 

solution concentrations up to approximately lo-*M. 
In the case of acids and bases, K. and Kb are lower 
than Kti, ,‘2*‘3 and the formation of triple ions can be 
neglected at any concentration. 

In a solvent of dielectric constant sufficiently higher 
than that of tert-butyl alcohol, such as isopropyl 
alcohol (12.5 and 19.9 respectively at 25”),14 for- 
mation of triple ions is very low and should seldom 
be considered. 

Calculation of pH in amphiprotic solvents 

Solution of an acid. In a solution of an acid (HA) 
in an amphiprotic solvent, the pH is ruled by 
equation (9). As tert-butyl and isopropyl alcohols are 
solvents with very low Ktiya, values, the solvent 
contribution to total [H+] can be neglected for all 
except very dilute solutions, and the mass and charge 
balances are: 

C, = [A-] + [H+A-] + [HA] (23) 

[H+] = [A-] (24) 

where C, is the analytical concentration of the acid. 
Putting equations (23) and (24) into equations (9) and 
(1 I), and solving for [H+ 1, gives 

[H+] = - K;/2 + [(K;/2)* + K;C,]“* (25) 

This equation can be solved by an iterative pro- 
cedure, starting with y = 1 and computing [H+], 
which is equal to the ionic strength of the solution; 
then activity coefficients can be calculated by means 
of the Debye-Hiickel equation and [H+] and the 
ionic strength recalculated. The procedure converges 
quickly to a constant value of [H+]. The pH is 
calculated from 

pH = -log[H+]y (26) 

Solution of a base. In this case, both S- and OH- 
can act as bases, so 

C,, = [B+] + [B+S-] + [B+OH-] (27) 

[B+]=[S-]+[OH-] (28) 

where Cb is the analytical concentration of the base. 
Putting these two expressions into equations (17) and 
(18) gives 

[S-] + [OH-] = - K;/2 + [(K;/2)* + K;C,]“* (29) 

which can be solved in the same way as equation (25), 
and the pH calculated from equation (5): 

PH = P&M + WP- I+ [OH- 1)~ (30) 

Solution of a salt. Similar expressions to those for 
an acid or a base can be written for a salt (of ana- 
lytical concentration Cd,) dissolved in an amphi- 
protic solvent. The mass and charge balances are: 

C tit = [B+] + [B+A-] (31) 

[B+] = [A-] (32) 
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and from equations (12) and (13): 

[A-l=P+l 

= - K&J2 + [(K&,,/2)’ + K&,&,J1’2 (33) 

For computing pH it is assumed that a few ions 
A- and B+ can react with the solvent to give 
undissociated acid (HA) and base (BS or BOH). 
The mass balance for the solvent is then 

[H+] + [H+A-] + [HA] 

= [S-l + [OH-] + [B+S-] + [B+OH-] (34) 

From equations (9), (1 1), (17) and (18): 

[H+I(l + [A-I/K:) 

= ([S-l + [OH-Ml + [B+IIK;) (35) 

and substitution of equation (5) in this gives 

(36) 

The pH can be computed by means of: 

PH = f ~Kao,vent - f log 
1 + [B+]/K;, 

1 + [A-]/K: (37) 

As expected, pH is equal to ~PK~,,,, when the 
acid and the base have the same strength, i.e., when 
K,= Kb. 

Solution of an acid and its salt. In a mixture of 
an acid and its salt, the equations which have to be 
considered are (9) and (12). The mass and charge 
balances are: 

C, = [H+] + [H+A-] + [HA] (38) 

C,,,=[B+l+[B+A-I (39) 

[B+] + [H+] = [A-]. (4) 

Putting equations (9) and (11) into (38), and (12) and 
(13) into (39), yields 

C, - [H+] = [H+][A-I/K’, (41) 

C,,, = P+I(l + [A-I/K,,,) (42) 

Rearranging (41) and substituting (40) into (42) 
gives 

IA-1 =(Ca-W+IKIW+l (43) 

C,,=([A-I-[H+I)(l+[A-IIK~,,) (44 

Putting (43) into (44) and rearranging terms yields 
the expression 

(K: - KL,tW+13 

+ (K;’ - K:C, - K:K&,, - K&,C,,) [H+12 

+ (K:K:,,,C, - 2C,K;2)W+l 

+ (C,K:)’ = 0. (45) 

This equation can be solved by an iterative procedure 
(e.g., the Newton-Raphson method), taking the start- 
ing value y = 1, computing [H+ ] and from this the 

ionic strength (which is equal to [A-]) by means 
of equation (43). The new value of y is calculated 
by the Debye-Hiickel equation, and [H+] recalcu- 
lated. The procedure converges quickly to a value of 
[H+]. The pH can then be calculated by means of 
equation (26). 

Solution of a base and its salt. This case is very 
similar to that of an acid and its salt, but expressions 
(12) and (17) must be considered. The mass and 
charge balances are: 

C,=[S-]+[OH-]+[B+S-] (46) 

Cd, = [A-] + [B+A-] (47) 

[B+]=[A-]+[S-]+[OH-I (48) 

Considering equations (12), (13), (17) and (18) in the 
same way as for mixture of an acid and its salt gives: 

(K;,--KL,,)([S-l+]OH-D3 

+ [(K;)2-KG,-K;KI,, 

- K&,,Csa,,IWl+ [OH-I)’ 

+ [KiKh,,C, - 2 CdK;)21 

x ([S-l + [OH-]) + (C,,K;)* = 0 (49) 

which can be solved for ([S-l + [OH-]) in the same 
way as equation (45) for [H+]. With ([S-l + [OH-]) 
known, pH can be computed by equation (30). 

Buffered solutions 

In a buffer solution of an acid and its salt, 
[H+] << [A-] and [H+]c< C,, so equations (43) and 
(44) can be written as: 

W-1 = C,K,/W+IY~ PO) 

G,,=W-IU +[A-IIKa,t) (51) 

and from these: 

LH+ ly = CaK# + (1 + 4CdKL1t)“~l 

2 G,,Y 
(52) 

The pH will be equal to: 

PH = PK, + log C,,/C, + log Y 

- lo&l/2 + (l/4 + C,,/K;,)“‘] (53) 

In the same way the following expression can be 
obtained for buffer solutions of a base and its salt: 

PH = ~Kro,vsn, - PKb - log cs.alt/cb - 1% Y 

+ log[l/2 + (l/4 + C,,JK&,d1'21 (54) 

Expressions (53) and (54) differ in two terms from 
the usual expressions used for computing the pH 
of buffers in water. 

(1) The term log y is due to the activity coefficients 
of the acid or base; in water the activity coefficients 
in dilute solutions tend to unity and this term need 
not be considered, but in solvents of low dielectric 
constant, the activity coefficients are less than unity 
in dilute solutions and their effect on pH should 
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Table 1. Effect of activity coefficients and salt association in alcohols* 

I -logy 
c Snh , 
M i-PrGH t -BuOH i-PrGH t-BuOH i-PrGH t-BuOH 

10-S 1.0 x 10-J 9.2 x lO-6 0.01 0.03 <O.Ol 0.03 
10-4 9.9 x 10-s 6.7 x lo-5 0.04 0.06 <O.Ol 0.18 
IO-’ 9.5 x IO-’ 3.5 x lo-’ 0.10 0.14 0.03 0.45 
10-2 7.9 x 10-x 1.6 x lo-’ 0.23 0.25 0.10 0.79 
10-I 5.3 x 10-2 7.9 x lo-’ 0.39 0.41 0.27 1.11 

*For a monoprotic acid or base, taking pK,,,, = 2 for isopropyl alcohol (i-PrGH) or 
pK,,, = 4 for rert-butyl alcohol (t-BuOH). 

he considered. Thus, the higher the ionic strength, the 
bigger the decrease in the pH value for an acid or 
the increase for a base. 

(2) The term log[1/2 + (l/4 + C,JK&#] is due 
to the ionic association of the salt, which favours the 
dissociation of the acid or the base. If &, is very 
high, as in water, or C,, very low, this term tends 
to zero, but for isopropyl and terf-butyI alcohol 
solutions it should be considered. 

As can be seen in Table 1, both terms favour the 
decrease of pH for an acid or increase for a base. 
At a given CJC,, ratio, a given acid will seem to 
be more acidic the higher C,, and the lower K&t 
are. This can be observed in Table 2, where some 
equimolar mixtures of acids with their corresponding 
tetrabutylammonium salts are proposed as buffers 
in tert-butyl alcohol. The pH values of these mix- 
tures have been calculated from the proposed 
equation (53) and the pK values of the acids and 
salts.i3 It can be observed that pH < pK,; the higher 
C,,, the lower the pH value. 

The activity coefficient and salt effect terms also 
modify the buffer capacity. In Fig. 1 the buffer 
capacity (jI) of acetic acid in tert-butyl alcohol 
at various pH values is presented (A) together 
with the buffer capacity calculated by neglecting the 
activity coefficients and salt effect (B), i.e., using 
pH = pK, + log C,,JC, instead of equation (53). 
Both curves are presented for Cd, + C, = lo-‘M. 
If the activity coefficients and salt effect are neglected 
the curve is symmetrical and centred at pH = 
pK, = 14.60, as it would be in water (curve B). If 
both effects are considered (curve A) the curve is 

slightly unsymmetrical, with its maximum near the 
pH value corresponding to C, = C,, = 5 x lo-‘M 
@H = 13.58), owing to the change in the salt concen- 
tration with pH, which modifies the values of log y 
and lod l/2 + (l/4 + Cti,/K~#12] and consequently 
the shape of the curve. The maximum of curve A is 
higher than the maximum of curve B because the salt 
dissociation contributes to buffering the solution. 
The buffer solutions described allow easy electrode 
standardization, especially in the concentration range 
10-3-10-2M, which gives adequate buffer capacity 
and avoids triple-ion formation. 

EXPERIMENTAL 

Apparatus 
A Crison Digilab 517 pH-meter was used, with a Radio- 

meter G202B glass electrode, a Radiometer K401 calomel 
electrode and the salt bridge described previou~ly.‘~ 

Chemicals 
Tert-butyl alcohol, Merck, GR grade. The water content 

was found to be 0.073%, by tlte Karl Fischer method. 
Tetrabutylammonium hydroxide, O.lM stock solution in 

isopropyl alcohol; Carlo Erba, RPE grade. The methyl 
alcohol content was 8%, determined by gas chromato- 
graphic analysis. 

Acidr. Picric acid, Doesder, AR-ACS grade, vacuum 
dried. Acetic acid, Carlo Erba, RS grade. Mono- 
cbloroacetic acid, Scltarlau. Dichloroacetic acid, Carlo 
Erba, RPE grade. Trichloroacetic acid, Merck, GR grade. 
Barbital, Merck, GR grade. 

Determination of the standard potentials 
The electrode system was standardized by titration 

of solutions of picric acid (PK, = 5.35) with the tetra- 

Table 2. Calculated pH values of buffers in ferr-butyl 
alcohol 

C,,=C,, 
M TCAA DCAA MCAA AA B 

1 x 10-2 7.56 9.08 11.03 13.44 15.01 
5 x lo-’ 7.70 9.23 11.18 13.58 15.52 
1 x lo-’ 8.03 9.56 11.50 13.90 15.84 
5 x 10-4 8.17 9.69 11.63 14.03 15.98 
1 x lo-’ 8.46 9.98 11.91 14.29 16.25 

PK, 8.90 10.41 12.30 14.60 16.60 
P&h 4.65 4.62 4.50 4.27 4.40 

TCAA = trichloroacetic acid, DCAA = dichloroacetic acid, 
MCAA = monocbloroacetic acid, AA = acetic acid, 
B = barbital. 

PH 

Fig. 1. (A) Buffer capacity of 10W2Macetic acid in tert-butyl 
alcohol [calculated by using equation (5311. (B) Buffer 
capacity of an acid at the same concentration and the same 
pX, value (14.60) in a solvent of bigb dieleotric constant 

(calculated by using pH = pK, + log C,,,,/C.). 
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butylammonium hydroxide solution @Kb = 4.91, p&, = 
4.36).‘” 

Table 3. pH values of buffers in tert-butyl 
alcohol 

The glass electrode was stored in water, then ioaked 
for 15 min in pure tert-butyl alcohol, rinsed and cleaned 
before use. The electrode pair was kept in the test solution 
for half an hour before titration. The potential was 
measured at 5-min intervals for each point of the titration. 
Stable and reproducible potentials were usually obtained in 
5-10 min. The pH was computed from the promsed 
equations (37), (45) and (54), by means of the ioiputer 
program ACETERISO. ” In this program the activity 
coefficients were calculated by means of the limiting 
Debye-Hilckel equation, taking A = 8.51 for L = 10.9,” 
and T = 303.15 K. The standard notentials were 657 mV 
in acid medium and -981 mV in basic medium. 

PH 
c,, 

Acid M Calculated Observed 

TCAA 1.37 x lO-3 7.97 7.99 
DCAA 5.95 x 10-d 9.66 9.65 
CAA 6.47 x lO-4 11.58 11.58 
AA 7.17 x 10-d 13.96 13.91 
B 8.60 x lO-4 15.87 15.87 

increases the standard potential in basic medium 
(pK,,,_, of -25.7 was obtained” for N 3 : 1 tert-butyl 
alcohol: isopropyl alcohol mixtures). These results 
agree with the studies of Marple and F&s3 who 
found that the addition of solvents to solutions of 
acids and bases in tert-butyl alcohol affects solutions 
of bases very much more than solutions of acids. 
As the glass electrode measures proton activity, in 
acid medium the addition of a solvent does directly 
affect this activity (it can only affect it indirectly by 
changing the dissociation constants of the acid and 
salt),” but in basic medium an increase in the concen- 
tration of water (or another solvent) increases Kwlvcnt 
[see equation (6)], whereas K,, is only slightly 
modified, so [S-l and [OH-] are not very much 
increased (if the added solvent increases the dielectric 
constant), but [H + ] increases and less basic potentials 
are obtained. 

Procedure 

Ten ml of W3-5 x 10m3M solutions of acids in terr-butyl 
alcohol were titrated with 0.02M solution of tetrabutyl- 
ammonium hydroxide (prepared from the stock solution in 
isopropyl alcohol by dilution with fert -butyl alcohol), with 
Thymol Blue as indicator. I6 Twenty ml of the same acid 
solution were exactly half-neutralized with the 0.02M tetra- 
butylammonium solution, and diluted to 50 ml with tert- 
butyl alcohol, and the potential of this last solution was 
measured. Because the m.p. of tert-butyl alcohol is about 
25.5”, all measurements were taken in a closed vessel placed 
in a thermostat at 30 f 0.2”. The vessel was kept in an 
atmosphere of dried nitrogen saturated with tert-butyl 
alcohol. 

RESULTS AND DLSCUSSlON 

The computation of pK,,,,,, from acid and 
basic standard potentials in tert-butyl alcohol gives 
27.2 i- 0.9 for the 95% confidence limits (10 determi- 
nations). A great variety of pK values is given in the 
literature: Sane” and Kreshkov et aLI give a value 
of about 22.2. Bykova and PetrovZO point out that this 
value is very low, probably because of the ionization 
of the water present in the solvent, which, as has 
been shown in the theoretical part of this paper, can 
notably decrease the pKsolvent value. In other work*l 
these authors verified that removal of the water 
and methanol increases the pKaolvcnt value and they 
obtained a value of 26.8, very close to the one 
reported here. 

Kolthoff and Chantoonil” gave a value of 28.5, 
which was obtained by measuring the proton activity 
potentiometrically with a hydrogen electrode, and the 
tert-butanolate activity conductimetrically by means 
of a solution of potassium tert-butanolate, to which 
crown-ethers or cryptands were added to complex the 
potassium ions and increase the solute dissociation. 
Therefore this result must be considered to be closer 
to pKHs than to pKW,,,,, (as defined here), which 
would be lower. 

The decrease of pKaolvent by the presence of other 
solvents in the medium was tested by standardizing 
the electrode system with more concentrated sol- 
utions of picric acid in tert-butyl alcohol and titrating 
with 0.1 M tetrabutylammonium hydroxide solution 
in isopropyl alcohol. The addition of isopropyl alco- 
hol with the titrant does not significantly affect the 
standard potential in acid medium, but remarkably 

The theoretical equations developed have been 
tested by preparing equimolar buffer solutions of 
barbital, acetic, monochloroacetic, dichloroacetic 
and trichloroacetic acids and their tetrabutyl- 
ammonium salts in tert-butyl alcohol. The results 
presented in Table 3 show good concordance between 
the pH values calculated by the proposed equation 
(53) and those obtained experimentally. 
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IONIC EQUILIBRIA IN NEUTRAL AMPHIPROTIC 
SOLVENTS OF LOW DIELECTRIC CONSTANT: 

TITRATION CURVES 

ELISABETH BOSCH and MARTf R&s 
Departament de Quhnica Analitica, Universitat de Barcelona, Barcelona, Spain 

(Received 10 February 1988. Revised 13 January 1989. Accepted 17 January 1989) 

Stunmary-Titration curves have been simulated for the titration of acids, bases and salts in neutral 
amphiprotic solvents such as isopropyl and tert-butyl alcohols. Ranges of pK values and acid concen- 
trations have been examined. The incomplete dissociation of salts, whiih increases the acid or basic 
strength, has been found to be the major factor modifying the shape of the curve and the pH break. 
The theoretical predictions have been checked by titrating several series of acids and good agreement has 
been obtained between computed and experimental results. 

In a previous paper,’ the ionic equilibria in neutral 
amphiprotic solvents of analytical interest, isopropyl 
and tert-butyl alcohols, were established, and 
equations for the calculation of pH for solutions of 
acids, bases and salts or their mixtures were devel- 
oped. By using these expressions it is easy to calculate 
the pH at any stage of the titration, taking into 
account the small amounts of water or other amphi- 
protic solvents in the solvents typically used. 

This paper describes the titration curves that have 
been simulated for a range of pi&, pKa and pK,, 
v&es and for a wide range of acid concentrations. 

EXPERIMENTAL 

Apparatus 
A Crison Digilab 517 pa-meter was used with a Radio- 

meter G202B alass electrode and K401 calomel electrode. 
and the salt bidge described earlier.2 The electrode system 
was standardized as described previously’ with standard 
electrode ootentials of 657 and -981 mV in acidic and basic 
media, respectively. Stable and reproducible potentials were 
obtained in 5-10 min. 

Reagents 
Tert-butyl alcohol. (Merck, GR grade). The water con- 

tent, as determined by the Karl Fischer method, was found 
to be 0.073%. 

Tetrabutylammonium hydroxide, O.liU stock solution in 
isopropyl alcohol. The methanol content of the Carlo Erba 
REE grade used was found to be 8%, determined by gas 
chromatographic analysis. 

Phenols. CBromophenol, 2-chlorophenol and Cchloro- 
phenol (Carlo Erba, REE grade, > 99% pure); Z&dichloro- 
phenol and 3,5-dichlorophenol (> 99%) and 3-bromophenol 
(> 97%) all from Aldrich; 2-nitroohenol (>99.5%) and 
knitroRheno1 ( > 99%) both from -Scharlau; Z,bdichloro- 
phenol from Fluka; (AG grade, >97%); 2,4,6_trichloro- 
phenol (Koch-Light). 

Burbiturutes. Barbital (Merck, GR grade, >99%), 
phenobarbital (Acofarma), hexobarbital and heptabarbital 
(Sigma). 

Acetic acid and its derivatives. Acetic acid (Carlo Erba, 
RS grade), monochloroacetic acid (Scharlau), dichloroacetic 

acid (Carlo Erba, RPE grade, >99%) and trichloroacetic 
acid (Merck, >99.5%). 

Procedure 
Twenty ml of lo-‘M acid in tert-butyl alcohol were 

titrated with 0.2M tetrabutylammonimn hydroxide (pre- 
pared from the stock solution in isopropyl alcohol by 
dilution with tert-butyl alcohol). All titrations were done at 
30 f 0.2”. 

Calculation of pH 
All pH values were calculated by using the ACETERISO 

computer program (written in BASIC)3 based on the non- 
simplified equations given earlier.’ 

RESULTS AND DISCUSSION 

The ~k;o~~r calculated from acid and basic stan- 
dard potentials in tert-butyl alcohol was 21.2, in 
agreement with literature values.‘*S5 This value was 
used in all subsequent calculations. 

Computed titration curves 

Figures 1 and 2 show the curves simulated for the 
titration in tert-butyl alcohol, of 100 ml of a weak 
acid (PK. = 10) with a weak base @Kb = 10). Only 
monobasic acids and bases are considered. 

For K,c&,, the acid region of a titration curve 
can be described by the simplified equation 

PH = PK, + log(Cti&) + log Y 

+ log[1/2 + (l/4 + CJK&,,,)“*] (1) 

where KA,, =L,/y*, y being the mean activity 
coefficient, and C the concentration of the species 
indicated by subscript, at that particular point in the 
titration; similarly, for &<<L, the basic region of 
the titration curve can be described by 

PH = pKti+, - PK, - l”kdcult/cb) - l“g Y 

+ Wl/2 + V/4 + G.,t/K.d”? (2) 
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Figure 1 shows the titration curves of acid solu- 
tions in the concentration range lo-‘-lo-*M, the 
corresponding titrant being 10-s-lM, for p&, = 4. 
For dilute solutions (< 10W6M) the salt is completely 
dissociated, the ionic strength is very low and the 
curves are calculated in the same way as those for 
aqueous medium. In this case the pH at half-neutral- 
ization is equal to pK,, and at the point where 
C, = Csalt, i.e. V = 2 ml, pH = pKaolven, - pK,, and the 
titration curves are identical for all the initial concen- 
trations of acid used (note that the titration condi- 
tions are chosen so that 100 ml of acid is equivalent 
to 1 ml of base). 

For more concentrated solutions (> 10e6M), 
activity coefficients and salt effects must be con- 
sidered and the curves are shifted from those pre- 
dicted for aqueous solutions. As the concentration 
is increased, the strengths of both acid and base 
are enhanced, as is the magnitude of the pH break 
at the end-point. This effect is very similar to that 
observed by Marple and Fritz6 for addition of 
tetrabutylammonium bromide to solutions of weak 
acids. 

Figure 2 shows the effect of different pK,,, values 
in the range 2-8 on the titration of 100 ml of 
IO-‘M weak acid (pK, = 10) with a O.lM weak base 
pK, = 10). If pK,,, is low (< 3) the salt is completely 
dissociated and its effect tends to zero, but because 
the activity coefficients are not unity they have to be 
taken into account; hence, at V = 0.5 ml the pH is 
slightly lower than pK, and at V = 2 ml the pH is 

50~o . . . 
V(ml) 

Fig. 1. Titration of a weak acid with a weak base in 
terr-butyl alcohol @K. = pK, = 10, p&,,,, = 27.2). Titrant 
concentration (x): -.-, 1M; ----, lo-‘M; --, 
10-2&f; ---, 10-3&f; -, lo-4M; -*-, lo-SM. 
Initial volume, 100 ml; initial acid concentration, x/100; 

P&I, = 4. 

0 15 0.5 1.0 . .2.0 

V (ml) 

Fig. 2. Titration of a weak acid with a weak base in 
tert-butyl alcohol @K, = pK,, = 10, pXglMl = 27.2). pK_,: 
---, 8; --, 7; ----, 6; -&--, 5; -.-, 4; 
-*-, 3; -, ~2. Titrant concentration, O.lM; initial 

volume, 100 ml; initial acid concentration, lo-)M. 

slightly higher than pK,,,, - pK, because log y in 
equations (1) and (2) is no longer negligible (the 
activity coefficients are about 0.6 at this ionic strength 
in rert-butyl alcohol). 

For pK,,, > 3 the strengths of the acid and base are 
enhanced as predicted by equations (1) and (2), the 
pH break increases, and the titration curves shift 
from those predicted for aqueous titrations in which 
the salt is completely dissociated. 

Usually, in real titrations, the strongest possible 
titrant is used and the titration curves differ from 
those shown in Figs. 1 and 2. Figures 3 and 4 simulate 
titrations of an acid with a base under the same 
conditions as in Figs. 1 and 2, but with p& = 15 
and pK, = 5 (typical for a strong base such as tetra- 
alkylammonium hydroxides in tert-butyl alcohol).6 
The shapes of the acid regions in all four figures are 
similar and will not be discussed further. 

The shape of the basic region in Fig. 3 is very 
similar to that in Fig. 1 for initial concentrations of 
acid sufficiently greater than Kb for equation (2) to 
be employed. However, for more dilute solutions of 
acid, i.e., in the basic region Cb<<Kb, the base can 
be considered to be completely dissociated and the 
following equation used to calculate pH: 

PH = P&I,, + log cbY* (3) 

and equation (3) must also be used when Cb = Kb. 
For pK,, < pKb the shape of the basic region in 

Fig. 4 is similar to that in Fig. 2 and is described by 
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Fig. 3. Titration of a weak acid with a strong base in 
rert-butyl alcohol (PK, = 15, pK, = 5, pK,,“,, = 27.2). Sym- 

bols and conditions as in Fig. 1. 

equation (2). If pL,, > pK,, the salt can be assumed 
to be undissociated, the solution considered in terms 
of only the base, and equation (3) can be employed. 
When pK,, = pK, the general equation [(l)] for a 
mixture of a base and its salt is used. For titration of 
a weak acid with a weak base (Figs. 1 and 2) the pH 
break is equal to or larger than that for the titration 
of a weak acid with a strong base (Figs. 3 and 4). 

24 
r 

1°0_ . . 2.0 

V(mL) 

Fig. 4. Titration of a weak acid with a strong base in 
terr-butyl alcohol @K, = 15, pK, = 5, pK,,,iWt = 27.2). 

Symbols and conditions as in Fig. 2. 

Several considerations have to be taken into account 
to explain the apparent contradiction. First, the 
situations for which Figs. 3 and 4 differ from Figs. 
1 and 2, respectively, would occur very rarely in 
practice. For titrant concentrations > lo-‘A4 (the 
majority of titrations), Figs. 1 and 3 are almost 
identical. Figures 2 and 4 differ when Kd, -c Kbr but 
the salts would be more fully dissociated than either 
the acid or base in most amphiprotic solvents. Hence, 
for all practical titrations Figs. 1 and 3, and 2 and 4, 
would be comparable. Secondly, it must be noted that 
when possible it is better to titrate with a strong base 
(Figs. 3 and 4) than a weak base (Figs. 1 and 2). 
Figures l-4 compare curves for titration of a weak 
(pK, = 10) or very weak @K, = 15) acid with a weak 
(pK, = 10) and a strong (pK, = 5) base, respectively, 
so the acidity of the titrated acid (K.) relative to the 
acidity of the titrant (&,,,,/g), i.e., the theoretical 
pH at the end-point, is the same in all four instances. 

Hence pKaolVent - pK, - pK, would also be the same 
and any deviation from the theoretical pH break 
must be attributed to incomplete dissociation of the 
salt, rather than difference in the strength of base. For 
practical titrations of the same acid with a strong or 
a weak base the pH break will always be larger with 
the strong base. 

Experimental titration curves 

Different acids in tert-butyl alcohol were titrated 
with 0.02M tetrabutylammonium hydroxide and the 
results are plotted in Figs. 5-7. Figure 5 shows 
the titration curves of acetic, monochloroacetic, 

24 
r 

61 0 . . 2.0 

Vtml) 

Fig. 5. Titration of acetic acid derivatives with 0.02M 
tetrabutylammonium hydroxide in tert-butyl alcohol. 
---- , trichloroacetic acid; ---, dichloroacetic acid; 
-- , monochloroacetic acid; p, acetic acid. Initial 

volume, 20 ml. 
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I_ 0 0.5 1.0 1.5 2.0 

V (ml) 

Fig. 6. Titration of substituted phenols with 0.02M tetra- 
butylammonium hydroxide in serf-butyl alcohol. ----, 
2,4,6+ichlorophenol; -.-, 4-nitrophenol; -, 2-nitro- 
phenol: ---. 2,6-dichloronhenol; --. 3.5-dichloro- 
phenolf ----, 3-nitrophenoi; ---, 2,4-dichlorophenol; 
-.--, 2chlorophenol; -, 3-bromophenol; -_rlr-, 4- 
chlorophenol; --, +bromophenol. Initial volume, 20 ml. 

dichloroacetic and trichloroacetic acids (pK, = 14.60, 
12.30, 10.41 and 8.90, pK,, = 4.21, 4.50, 4.62 and 
4.62, respectively.3 In the acidic region the pH is 
always <pK,, as predicted by equation (1). 

Figure 6 shows the titration curves for different 
substituted phenols; the results are well described by 
equations (4) and (5). Of the phenols studied, 4-nitro- 
phenol has the lowest pK,,’ but in Fig. 6, 2,4,6- 
trichlorophenol appears to be slightly more acidic; 
this is because its tetrabutylammonium salt is less 
dissociated (pK, = 14.60 and 14.82, pK,,, = 3.85 
and 4.54, respectively).3 Similarly, 3,5dichlorophenol 
should be slightly less acidic than 3nitrophenol 
(pK, = 17.04 and 16.99, respectively), but owing to 
the salt effect (pKtit = 4.41 and 4.07) the opposite 
is true. Finally, 2,4-dichlorophenol (pK, = 17.25) 
should be appreciably less acidic than 3-nitrophenol, 
but in fact they are very similar (pK,,, = 4.43 for the 
2,4-dichlorophenol). 

1400.eJ . 1.25 

V (m0 
Fig. 7. Titration of barbituric derivatives with 0.02M tetra- 
butylammonium hydroxide in rert-butyl alcohol. ----, 
phenobarbital; --, hexobarbital; ---, heptabarbital; 

-, barbital. Initial volume 20 ml. 

Figure 7 shows the acid region of the titration 
curves for phenobarbital, barbital, heptabarbital and 
hexobarbital (pK, = 16.19, 16.60, 16.64 and 16.69, 1. 
respectively). For the last three barbiturates pK, is 2. 
very similar and the extent of dissociation of the salt 3, 
governs the apparent order of acidity; hexobarbital is 4. 
apparently more acidic than either heptabarbital or 
barbital, which are similar (pK,,, = 4.87, 4.61 and 5. 
4.40, respectively). 

With the addition of titrant, prepared in iso- 
6. 

propyl alcohol, during each titration, the corn- 7. 

position of the solvent mixture changed progressively 
and hence so also did the pK values. In titration 
of an acid, the addition of up to about 20% (v/v) 
of a commercial titrant prepared in isopropyl alcohol 
(typically the amount required to reach the equi- 
valence point) will shift’ the pK values by about 
0.7. This change can be reduced to about 0.1 if, as 
in this work, the titrant solution is diluted with 
tert-butyl alcohol. 

The shift in pK is mainly due to the change in the 
dielectric constant of the reaction medium and this is 
not very large in the mixed solvent system because of 
the similarity of isopropyl and tert-butyl alcohols. 
This slight progressive variation in pK does not 
significantly affect the shape of the titration curves 
nor the agreement of the proposed model with the 
experimental results. 
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Summary-The dissociation constants of several families of acids and their tetrabutylammonium salts, as 
well as the ternary-ion formation constants, in lerr-butyl alcohol medium, were determined by potentio- 
metric and conductometric methods. The comparison of the calculated pK values of the acids with those 
obtained in other amphiprotic media shows the better resolution of acid strength in rert-butyl alcohol. 
The different behaviour of acids of the same family, for two main series studied, phenols and 
mercaptopyrimidines, has been explained in terms of structure. 

tert-Butyl alcohol is the most widely used of the Because the two kinds of ternary-ions cannot be 
neutral amphiprotic non-aqueous solvents for distinguished conductimetrically, the overall for- 
acid-base titrations. Because of its wide pH range mation constant of these ions Klo,, is defined by 
and solvation properties [high hydrogen-bond accep- 
tor (HBA) and low hydrogen-bond donor (HBD) 
capabilities] it is a very good solvent for titrations of 
acids, especially weak acids, and for resolution of acid 

B+A- + A-+BAi; B+A- + B+eBzA+ 

K 
&A+1 + [J%I 

f(tem) = lB+A-]([B+l + [A-]) - ._ _ - _. 
mixtures.‘-” However, because of its low dielectric 
constant, tert-butyl alcohol may favour formation of 

The resolution of mixtures of acids in a given 

ion-associates. Hence incomplete dissociation of elec- 
solvent depends on the nature of both the acids 

trolytes should be taken into account” for acids and 
and the solvent. rert-Butyl alcohol has shown high 

salts by means of the expressions 

HA+H+A-=H+ + A- [H+l[A-I 
Ka = ([HA] + [H+A-1) Y: 

B+A-=B+ + A- & - [B+l[A-l y; 
[B+A-] 

where y, is the mean activity coefficient. 
For bases, because of the unavoidable presence of 

small quantities of water in the medium and because 
many of the bases used as titrants are tetra-alkyl- 
ammonium hydroxides, the lyate ions (S-) of the 
solvent and hydroxide ions (OH-) are present in the 
medium and the equilibria to be considered are 

B+S-+B+ + S-; B+OH-+B+ + OH- 

P+I@-1 + W-1) 
Kb = [B+][S-] + [B+OH-] ” 

For consistency with the literatureI and to avoid 
confusion with the solubility product (KS), the 
thermodynamic dissociation constants of acids, salts 
and bases will be denoted by &, Kti and Kb, The 
symbol K, without subscripts, will indicate the disso- 
ciation constant of any electrolyte (acid, base or salt). 

At electrolyte concentrations higher than lo-“A4, 
ternary-ion formation must also be considered. 

capability for resolution of mixtures of acids, e.g., 
Marple et al. resolved four substituted phenols in the 
same solution in this solvent by potentiometric ti- 
tration.’ In earlier work we titrated mixtures of acids, 
which could not be resolved in water medium, and 
proposed an indicator scale for use with rerr-butyl 
alcohol.‘3 Kolthoff and Chantooni have also studied 
the resolution of acid strength in several families 
of acids, with rerr-butyl alcohol as solvent. These 
authors defined the “resolution of acid strength” in 
a given medium and for acids belonging to the same 
chemical family, as the slope of the straight line 
obtained by plotting pK, for these acids in the given 
medium vs. pK, in water. For many amphiprotic 
solvents this slope is very close to unity, as expected 
from theory. Kolthoff and Chantooni, however, 
found that in rerr-butyl alcohol the slopes were 
markedly higher than unity for all families studied, 
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especially for substituted phenols. This means that 
the resolution of acid strength in tert-butyl alcohol is 
notably superior to that in water, and better than that 
in any of the other alcohols compared by these 
authors. 

The purpose of this paper is to continue the study 
of acid strength in tert-butyl alcohol medium, by 
determining the acidity constants of different acids in 
this solvent, studying some families of acids, and 
comparing their resolution in tert-butyl alcohol to 
that in water and in other solvents. 

EXPERIMENTAL 

Apparatus 
A Radiometer CDM 83 conductimeter and CDC 304 cell 

(cell constant 1.003 cm-‘) were used for conductivity 
measurements. For potentiometric measurements a Crison 
Digilab 517 potentiometer, Radiometer G202B glass elec- 
trode and Radiometer K401 calomel electrode were used 
with the salt bridge previously describcd.‘3 

Chemicals 
Phenols. 4-Bromophenol, 2chlorophenol and 4thloro- 

phenol (Carlo Erba RPE, >99%); 2,4-dichlorophenol and 
3,5-dichlorophenol (Aldrich, > 99%); 3-bromophenol 
(Aldrich, >97%); 2nitrophenol (Scharlau, >99.5%); 4- 
nitrophenol (Scharlau, >99%); 2,6_dichlorophenol (Fluka, 
>97%) and 2,4,6-trichlorophenol (Koch-Light). 

Mercaptopyrimidines. 2-Mercaptopyrimidine and 6- 
methvl-2-thiouracil (Fluka. >98%): 4.5-diamino-2-thio- 
uracii (Aldrich, >98%); 2-thiouracil.(Koch-Light); 4,5-di- 
amino-6mercaptopyrimidine (Pharma, Waldhof); dithio- 
uracil, 4methyldithiouracil and 4-amino-2-thiouracil 
synthesized as described in the literature.“*” 

Barbiturates. Barbital (Merck GR, ~99%); phenobarbi- 
tal (Acofarma); hexobarbital and heptabarbital (Sigma). 

Acetic acids. Acetic acid (Carlo Erba, RS); mono- 
chloroacetic acid (Scharlau), dichloroacetic acid (Carlo 
Erba RPE, z 99%); trichloroacetic acid (Merck, > 99.5%). 

Picric acid (Doesder RA, >99.8%, ACS grade, vacuum 
dried); tetrabutylammonium hydroxide (O.lM) in isopropyl 
alcohol [Carlo Erba RPE (analysis by gas chromatography 
shows a content of 8% methyl alcohol)]. tert-Butyl alcohol 
(Merck GR, ~99.5%) with a water content (Karl Fischer 
method) of 0.073% and conductivity 5 x low9 ohm-’ .cm-‘. 

Procedures 

For conductometric measurements. Different measured 
amounts of a 5 x lo-‘M solution of the salt (prepared by 
exact neutralization of a solution of acid with tetrabutyl- 
ammonium hydroxide solution) were added to 50 ml of pure 
tert-butyl alcohol in the conductivity cell and the conduc- 
tivity was measured after each addition. 

For potentiometric measurements. Twenty ml of 10e3M 
solution of acid were titrated with 0.02M tetrabutyl- 
ammonium hydroxide solution in tert-butyl alcohol (pre- 
pared by dilution of the O.lM stock solution in isopropyl 
alcohol with tert-butyl alcohol). The potential was meas- 
ured for various titration points, especially near the half- 
neutralization point. 

All data were obtained at 30 f 0.2”. 

Computation methods 

For conductivity measurements. A computer program, 
KFKS, was written in FORTRAN-77 to compute dissocia- 
tion constants (K) and ternary-ion formation constants 
(&J from the conductivity data. For computing K, 
the program uses the Fuoss-Kraus and Shedlovsky 
methods.‘“‘* The Fuoss-Kraus method uses the equation 

F(z)/A = l/A, + cAy:/(F(z)KA;) 

where 

F(z) is the continuous fraction 

F(z)= 1 -z{l -z[l -z(l -. .)-‘/7-I/*}-‘/* 

z =,/i,3qc~)-‘/* 

where A and A, are the equivalent conductivity and limiting 
equivalent conductivity, c the molar concentration of elec- 
trolyte, and 

S = 8.18 x 10SA,/(cT)3’2 + 82/tj(#)“* 

with the values’930 L = 10.9, T = 303.15 K and 9 = 0.0332 
poise. 

The activity coefficients y, were computed by means of 
the Debye-Hiickel equation, with A = 8.46 and B = 7.71 
nm-‘, calculated from the c and T values above and a 
densitym of 0.7762 g/ml. The a parameter was computed 
by the Stokes-Einstein relation a = 9.87/A,. The value of a 
falls between 0.8 and 1.2 nm for the tetrabutylammonium 
salts. 

A plot of F(z)/A vs. cAy:/F(z) gives I/I& and l/K&, 
from which /io and K can be computed. As A,, is needed to 
calculate F(z) and y,, an approximate starting value of A, 
is supplied to the program and an iterative procedure 
is applied until there is convergence for the values of A,, 
and K. 

A similar procedure is used for the Shedlovsky method, 
but with the equations*’ 

l/[AS(z)] = l//1, + cAS(z)y:/KA: 

S(z) = {z/2 + [1 + (z/2)*]“*}* 

The Fuoss-Kraus method was also used to compute the 
ternary-ion formation constants by means of the relationz2 

Ay*c”*/(l - a)‘/*F(z) = AOK”* + A0,K’~2Kf(tcm~(l - a)c 

where A, is the limiting equivalent conductivity of the 
ternary-ion, and 

a = A/&F(z) 

The assumption of Kolthoff and Chantooni, that 
A, = A,, is used and KfcPmj is calculated from the slope 
and intercept of the straight line obtained by plotting 
Ay,c@/[(l - a)“*F(z)] vs. (1 - a)c. 

For potentiometric measurements. For potentiometric data 
treatment, a computer program, ACETERISO, was written 
in BASIC. This program allows treatment of titration data 
in two ways. If the dissociation constants of the acid or base 
and its salt are known, the standard potential of the glass 
electrode can be calculated If the standard potential and the 
dissociation constant of the salt are known, the dissociation 
constant of the acid can be computed. 

For calculating the standard potential of the glass elec- 
trode, titrations of pi& acid with tetrabutylammonimn 
hydroxide were used. The dissociation constants of these 
substances and their salts were calculated from conductimet- 
ric data (Table 1). l_I-I+] or [S-l + [OH-] during the titration 
was computed by means of equations developed previ- 
ously.‘* From these concentrations the standard potentials 
in acid and in basic medium were calculated by the method 
of Gran. The standard potential in acid medium for the 
electrode system used was found to be 656.6 f 1 mV. 

For calculating the dissociation constant of an acid, HA, 
B-I+] is computed from the potential, [A-] is computed from 
the dissociation constant of the salt, and the activity 
coefficients are obtained by means of the Debye-Htickel 
equation. The formation of ternary-ions of the salt is 
considered and the concentration of ternary-ion is computed 
from KRtnm, and X;,, by an iterative procedure. From B-I+], 
[A-] and the activity coelBcients for each point of the 
titration, the value of pK, is calculated. 

The computer program ACETERISO also allows graph- 
ical representation of titrations as potential or pH vs. the 
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volume of t&rant, for the experimental points, and of the 
theoretical titration curve computed from pK,, p&,,, pK, 
and the standard potentials. 

RESULTS AND DISCUSSION 

The dissociation constants of the acids and their 
tetrabutylammonium salts in tert-butyl alcohol, as 
well as the ternary-ion formation constants of these 
salts, are presented in Table 1, together with the 
dissociation constants of the acids in water. The 
ternary-ion formation constants of 4-methyldithio- 
uracil and 4,5-diamino-2-thiouracil could not be cal- 
culated, because of the low solubility of these 
substances in tert-butyl alcohol. No ternary-ion 
formation was detected for tetrabutylammonium 
picrate, as already reported by Chantooni and 
Kolthoff? 

The ternary-ion formation constants of tetrabutyl- 
ammonium salts (about lo*) were found to he higher 
than those’ of tetraethylammonium salts (about 10). 
This suggests that ternary-ion formation increases 
with the size of the ions. 

In general, the dissociation constants of tetrabutyl- 
ammonium salts (about lo-‘) are very similar to 

those for tetraethylammonium salts determined by 
Kolthoff and Chantooni.9 

For the substituted phenols, the values of p& are 
highest for the ortho-compounds and lowest for the 
para- and meta-derivatives; phenols with 2,3- or 
2,4+ubstitution show intermediate pK&, values. This 
can be explained as due to inductive effects. Electro- 
negative substituents close to the oxygen atom, as in 
o&o-substitution, localize the negative charge of the 
anion in the phenol group and the ion-pair becomes 
very stable. If the substituent is in the meta, and 
especially in the para-position, the negative charge is 
delocalized, the ion-pair is less stable and dissociation 
of the salt increases. 

Resolution of acid strengths in a particular solvent 
is obtained from a plot of pK, for a series of acids in 

this solvent, pKPcsorvcntj, vs. pK, of the series in water, 
pKacwatcr), water being the reference solvent.9 Figures 
l-3 show this resolution for acetic acids, phenols and 
mercaptopyrimidines in tert-butyl alcohol and other 
alcohols; the pK values are presented in Tables 1 and 
2. No correlation between pK, in rert-butyl alcohol 
and in water has been found for barbiturates and the 
values for these substances have not been plotted. 
The slopes of the plots are presented in Table 3. In 

Table 1. Dissociation constants of acids and tetrabutylammonium salts in rerr-butyl alcohol and in 
water 

Substance pK.8 PK.$ 

Picric acid 
2-Nitrophenol 
3Nitrophenol 
CNitrophenol 
2,4,6Trichlorophenol 
2&Dichlorophenol 
2,4Dichlorophenol 
3,5Dichlorophenol 
2Chlorophenol 
CChloronhenol 
3-Bromophenol 
CBromophenol 
Dithiouracil 
CMethyldithiouracil 
2-Thiouracil 
4-Methyl-2-thiouracil 
4-Amino-2-thiouracil 
4,5-Diamino-2-thiouracil 
2-Mercaptopyrimidine 
4,5-Diamino-6-mercaptopyrimidine 
Barbital 
Phenobarbital 
Heptabarbital 
Hexobarbital 
Acetic acid 
Chloroacetic acid 
Dichloroacetic acid 
Trichloroacetic acid 

11.9 
10.1 
10.1 
11.1 
9.8 

10.8 
9.7 

10.4 
9.9 
8.6 
9.5 
8.4 

11.1 
11.3 
10.0 

10.8 

:*t 
8:9 

12.5 
9.3 
9.9 

11.1 
11.6 

4.36 - 
4.63 -2.1 
4.07 -2.1 
3.85 -2.1 
4.54 -2.1 
4.92 -2.2 
4.43 -2.1 
4.41 -2.1 
4.68 -2.2 
4.17 -2.2 
4.48 -2.1 
4.21 -2.1 
4.27 -2.1 
4.40 - 
4.20 -2.1 
4.19 -2.2 
4.59 -2.1 
4.78 - 
4.86 -2.1 
4.92 72.1 
4.40 -2.1 
4.74 -2.2 
4.61 -2.1 
4.87 -2.1 
4.27 -2.2 
4.50 -2.1 
4.62 -2.1 
4.65 -2.1 

5.35* 0.3 
15.88 f 0.02 7.23 
16.99 + 0.04 8.39 
14.60 IO.04 7.14 
14.82 + 0.03 (6.42) 
16.38 f 0.04 (6.79) 
17.25 f 0.05 7.85 
17.04 f 0.02 (8.18) 
18.54 f 0.03 8.48 
18.96 f 0.03 9.38 
18.52 f 0.09 (9.03) 
18.88 f 0.05 (9.36) 
12.99 f 0.02 6.34 
13.24 f 0.05 6.46 
14.79 f 0.02 7.71 
15.08 f 0.06 7.96 
15.08 f 0.05 6.83 
14.59 f 0.10 6.61 
14.76 f 0.05 6.99 
17.09 IO.04 9.05 
16.60 f 0.03 8.00 
16.19 f 0.02 7.46 
16.64 f 0.04 7.45 
16.69 f 0.02 8.37 
14.60 f 0.02 4.76 
12.30 f 0.03 2.83 
10.41 f 0.05 1.37 
8.90 f 0.05 0.63 

*Conductometric results for rerr-butyl alcohol medium. 
tFormation constants. 
!3Potentiometric results for rerr-butvl alcohol medium. Averaae values of hvo indenendent series with 

9-13 points each (.? f s). 
$pK,+, in water at 25”. Mercaptopyrimidines: I = 0.1 (Ref. 29). Barbituric derivatives: i = 0 

(Refs, 31,32), except heptabarbital: Z = 0.1,20” (Ref. 30). Acetic acid derivatives and phenols: I = 0 
(Refs. 26,27) except values in brackets, which are at unknown ionic strength (Ref. 28). 
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pK, (water) 

Fig. 1. Plots of pK, of acetic acid derivatives in various 
alcohols US. pK, in water: l acetic acid, ~monochloracetic 
acid; n dichloroacetic acid; * trichloroacetic acid. ---- 
methyl alcohol; --- ethyl alcohol; --- isopropyl 

alcohol; - terf-butyl alcohol. 

all cases the resolution is better with rert -butyl alco- 
hol than the other solvents. 

Table 3 shows that the highest resolution is ob- 
tained for substituted phenols, and these have to be 

19 - 

16 - 

15 - 

ti p 

14 
1 I 

I I I I I I I 

6 7 6 9 10 

pKa(watrrl 

Fig. 2. Plots of pK, of substituted phenols in tert-butyl 
alcohol US. pK, in water: A Cnitrophenol; x 3-nitrophcnol; 
0 3,54chloro-phenol; 0 3-bromophenol; * Cbromophe- 
nol; 0 4chlorophenol; A 2-nitrophenol; l 2,4dichloro- 
phenol; n 2-chlorophenol; * 2,4,6trichlorophenol; * 

2,6dichlorophenol. 

17 - 
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pK,twater) 

Fig. 3. Plots of pK, of mercaptopyrimidines and thiouracils 
in terl-butyl alcohol vs. pK, in water: * dithiouracil; 0 
4-methyldithiouracil; A 2-thiouracil; m 4-methyl-2&o- 
uracil; 0 4,5-diamino-2-thiouracil; A 4-amino-2-thiouracil; 
x 2-mercaptopyrimidine; * 4,5-diamino-6-mercapto- 

pyrimidine. 

divided into three groups: phenols with 0, 1 or 2 
orrho-substituents, as in Fig. 2. The high resolution 
for phenols without ortho-substitution has been ex- 
plained -by Kolthoff and Chantooni9 on the basis of 
work by other authors. *z-*5 According to these au- 
thors, electronegative substituents markedly increase 
the dispersion interaction of the aromatic anion with 
the solvent. If the solvent is a strong hydrogen-bond 
donor the negative charge of the anion becomes 
localized on the oxygen atom of the phenol, and is 
little dispersed by the substituents. If the solvent is 
a weak hydrogen-bond donor the electronegative 
substituents can disperse the negative charge over 
the aromatic ring, the dispersion increasing with 
electronegativity of the substituent. There is then less 
ordering of the solvent structure and the acid strength 
is increased by this effect. Thus, in the plot of 

P&en-butyl alcobol) 0s. P&water) for 6 family of phenol 

because tert-butyl alcohol is a weak hydrogen- 
bonding donor solvent and water a very strong 
hydrogen-bonding donor solvent, a straight line 
with a slope greater than unity is obtained, since 
the acidity of the most acidic phenols in water is 
enhanced more in rert-butyl alcohol than is that of 
the less acidic phenols. 

Kamlet et aLlo have reported a series of relative 
values of the hydrogen-bond donor strength of alco- 
hols. Isopropyl and rerr-butyl alcohols are the 
weakest hydrogen-bond donors, so the resolution of 
acid strength should be largest in these alcohols, as 
confirmed in Table 3. The resolution in tert-butyl 
alcohol in particular is very similar to that in dipolar 
aprotic solvents. 
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Table 2. Dissociation constants (PK, values) of acetic acid derivatives in alcohols 
and in water 

MeOH* EtOH* iso-PrOH* terf -BuOHt Waterg 

Acetic acid 
Monochloroacetic acid 
Dichloroacetic acid 
Trichloroacetic acid 

*From Ref. 9. 
tThis work. 
@From Ref. 23. 

9.7 10.4 11.3 14.6 4.76 
7.8 8.4 9.2 12.3 2.83 
6.3 7.1 7.8 10.4 1.37 
- - - 8.9 0.63 

The assumptions made by Kolthoff and Chantooni 
for phenols without ortho-substitution can also be. 
applied when there is ortho-substitution. If a sub- 
stituent in the ortho-position can disperse the nega- 
tive charge more than it can in other positions, the 
resolution of acid strength then increases markedly. 
Two such ortho-substituents have an even greater 
effect, and the resolution of acid strength for substi- 
tuted phenols decreases in the order di-ortho-> 
ortho-> no ortho-substitution (Fig. 2 and Table 3). 
On the other hand, an electronegative substituent in 
the ortho-position concentrates the negative charge in 
the neighbourhood of the oxygen atom, and this 
effect makes dissociation of the phenol more difficult, 
especially for di-ortho -phenols. Straight lines defining 
these substances in Fig. 2 are above the reference line 
for phenols without ortho-substitution. This can be 
illustrated by the example of 4nitrophenol and 2- 
nitrophenol. In water they have very similar pK, 
values and acid strength because in both cases disper- 
sion of the negative charge is low, but in terr-butyl 
alcohol the charge dispersion is much lower for the 
2nitrophenolate than the 4nitrophenolate, and the 
acid strength is lower for the ortho-derivative. 

In the case of the tetrabutylammonium salts the 
anion has the same structure whether it is solvated or 
in the ion-pair, but the concentration of negative 
charge in the ortho-substituted compounds explains 
the smaller dissociation of the corresponding salts. 
Better resolution of acid strength in tert-butyl alcohol 
than in other alcohols (Table 3) has been found 
for the other families of acids, but to a lesser degree 
than for the phenols. Of these families, the sulphon- 
phthalein indicators show the largest resolution 
because they have phenolic groups and thus exhibit 
the effect of charge dispersion.13 There is a smaller 

Table 3. Resolution of acid strength with reference to water: 
slope of plot of P~a(rolr~nt, 0s. P&amr) 

Acids MeOH EtOH iso-PrOH tert-BuOH+ 

Acetic? 1 .oo 0.98 1.03 1.35 
Phenols 1.14 - 1.414 1.92 

2.115 
o-Phenols - - - 2.13 
Di-o-phenols - - - (4.22) 
Thiouracils - - - 1.27 

*This work. 
tFrom Table 2. 
@From Ref. 9. 

increase in resolution for the acetic acid derivatives, 
showing that the dispersion effect is smaller for 
aliphatic carboxylic acids than for phenols. 

Thiouracils and dithiouracils (Fig. 3) show a reso- 
lution of acid strength similar to that for acetic acid 
derivatives. In tert-butyl alcohol these thiouracils are 
more acidic than 2-mercaptopyrimidine than they are 
in water, e.g., in water pK, is 6.99 for 2-mercapto- 
pyrimidine and 7.71 for 2-thiouracil, whereas in 
tert-butyl alcohol they have the same acid strength 
(pK, 14.76 and 14.79 respectively). This behaviour 
can be explained in the same way as in the case of 
phenols. In a strong hydrogen-bond donor solvent, 
such as water, the negative charge of the anion is 
markedly localized on the mercapto group, but in a 
weak hydrogen-bond donor solvent, such as tert- 

butyl alcohol, the negative charge can be delocalized 
by the electronegative substituents of the thiouracil, 
favouring dissociation of the acid. When the sub- 
stituents are electron-donating groups, such as the 
amino group, the negative charge of the anion is 
strongly localized by hydrogen-bonding solvents. 
Thus, these compounds will show a larger acid 
strength (relative to 2-mercaptopyrimidine) in water 
than in tert-butyl alcohol. This effect can be observed 
in Fig. 3 for 4-aminothiouracil. Figure 3 also shows 
that 6-mercapto derivatives are less acid than 2- 
mercapto derivatives in both media, water and tert- 

butyl alcohol. 
This study shows that for the phenols and mer- 

captopyrimidines the difference in behaviour of sub- 
stances of the same family can be explained according 
to their structures. This allows prediction of the acid 
behaviour of similar compounds in tert-butyl alcohol 
from that in water, which is usually known. 

Acknowledgement-The financial support of the Comissi6 
Interdepartamental de Recerca i Innovaci6 Tecnologica of 
the Catalan Government is gratefully acknowledged. 

REFERENCES 

1. I. M. Kolthoff and P. J. Elving (eds.), Treatise on 
Analytical Chemistry, 2nd Ed., Part I, Vol. 2, Wiley, 
New York, 1979. 

2. J. S. Fritz, Acid-Base Titrations in Nonaqueous Solvents, 
Allyn and Bacon, Boston, 1973. 

3. N. T. Crabb and F. E. C&&field, Tuhznta, 1963, 10, 
271. 

4. L. W. Marple and J. S. Fritz, Anal. Chem., 1962, 34, 
796. 

5. J. S. Fritz and L. W. Marple, ibid., 1962, 34, 921. 

TAL 36,6-B 



632 ELISABETH F&SCH and M~ri Ro&s 

6. 
7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 
15. 

16. 

17. 

18. 
19. 

L. W. Marple and J. S. Fritz, ibid., 1963, 35, 1431. 
M. K. Chantooni and I. M. Kolthoff. J. Phvs. Chem.. 

I _  

1978, 82, 994. 
I. M. Kolthoff and M. K. Chantooni, Anal. Chem., 
1978, SO, 1440. 
M. K. Chantooni and I. M. Kolthoff, ibid., 1979, 51, 
133. 
M. J. Kamlet, J. L. M. Abboud, M. H. Abraham and 
R. W. Taft, J. Org. Chem., 1983, 4& 2877. 
L. Sucha and S. Kotrly, Solution Equilibria in Analytical 
Chemistry, Van Nostrand Reinhold, London, 1972. 
E. Bosch and M. Rods, Talanta, 1989, 36, 615, 
623. 
J. Barbosa, E. Bosch and M. Roses, Analyst, 1987,112, 
179. 
D. J. Brown, J. Sot. Chem. Znd., 1950, 69, 353. 
E. C. Taylor and C. C. Cheng, J. Org. Chem., 1960,25, 
148. 
R. M. Fuoss and C. A. Kraus, J. Am. Chem. Sot., 1933, 
55, 476. 
H. S. Hamed and B. B. Owen, The Physical Chemistry 
of Electrolytic Solutions, 3rd Ed., Reinhold, New York, 
1958. 
R. M. Fuoss, J. Am. Chem. Sot., 1935, 57, 488. 
R. C. Weast (ed.), Handbook of Chemistry and Physics, 
59th Ed., CRC, Boca Raton, 1979. 

20. 

21. 

22. 

23. 

24. 

25. 
26. 

27. 

28. 

29. 

30. 

31. 

32. 

F. D. Snell and L. S. Hilton (eds.), Encyclopedia of 
Industrial Chemical Analysis, Vol. 4, Interscience, New 
York, 1967. 

_ 

R. M. Fuoss and T. Shedlovskv. J. Am. Chem. SOL. 
-I 

1949, 71, 1496. 
R. M. Fuoss and C. A. Kraus, ibid., 1933, 55, 
2387. 
A. J. Parker and D. Brody, J. Chem. Sot., 1963, 
4061. 
E. Grunwald and E. Price, J. Am. Chem. SOL, 1964,86, 
4517. 
R. Kerber and A. Porter, ibid., 1969, 91, 366. 
G. Kortum, W. Vogel and K. Andrussow, Dissociation 
Constants of Organic Acids in Aqueous Solution, Butter- 
worths, London, 1972. 
C. M. Judson and M. Kilpatrick, J. Am. Chem. Sot., 
1943, 71, 3110. 
D. Lepri, P. G. Desideri and D. Heimler, J. Chromatog., 
1980, 195, 339. 
E. Bosch, J. Guiteras, A. Izquierdo and M. D. Prat, 
Anal. Lett., 1988, 21, 1273. 
D. A. Doornbos and R. A. Zeeuw, Pharm. Weekblad, 
1969, 104, 233. 
A. G. Briggs, J. E. Sawbridge, P. Trickle and J. M. 
Wilson, J. Chem. Sot., 1969, 802. 
E. McKeown, J. Chem. Sot. Perkin ZZ, 1980, 504. 



Tahta, Vol. 36, No. 6, pp. 633-637, 1989 0039-9140/89 $3.00 + 0.00 
Printed in Great Britain. All rights resewed Copyright 0 1989 Pergamon Press plc 
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Smmnary-The ion flotation of 31 metal ions in hydrochloric/nitric acid solution with the cationic 
surfactant cetylpyridinium chloride was investigated. A 25ml portion of 0.27-2.87 x 10m4M metal ion and 
1.8-6.0 x 10T4M cetylpyridinium chloride solution in 0.17-3.4M acid mixture ([HCl]:[HNO,] = 2.4: 1) 
was subjected to flotation in a cell, 22.5 cm high and 4.0 cm in diameter, for 5 min, with nitrogen bubbles. 
Ir(IV), Pt(IV), Ge(IV), Sn(IV), Bi(III), Au(III), Tl(III), Pd(I1) and Sn(I1) were floated from solution in 
95-100% yield; Ru(III), Rh(III), Ir(III), Hg(II), Ag(I) and Tl(1) were partly floated, while Cr(VI), Ti(IV), 
Zr(IV), Ga(III), In(III), Fe(III), Sb(III), Al(III), Mn(II), Fe(II), Co(II), Ni(II), Cu(II), Zn(II), Cd(I1) and 
Pb(I1) were floated with less than 20% yield. The flotation behaviour of these metal ions in the mixed 
acid system was compared with that in hydrochloric acid. The flotation is more efficient in the mixed acid 
system. 

INTRODUCTION 

Langrnuir et al.’ reported as early as 1937 that metal 
ions could be abstracted by using flotation; in 1957, 
Sebba suggested2 that flotation could be used for 
separation and enrichment in analysis, and later 
made a systematic review.3 Since then, further system- 
atic research has been reported, such as the flotation 
of 26 metal ions from hydrochloric acid media4s5 and 
the flotation of 15 metal ions from hydrobromic 
acid,6 but the flotation of metal ions in a mixed 
hydrochloric-nitric acid system has not been hitherto 
reported. As aqua regiu is sometimes used to decom- 
pose samples, investigation of ion flotation behaviour 
in this medium could be very useful. In addition, the 
presence of two types of ligand, chloride and nitrate, 
with different co-ordinating abilites, might result in a 
co-operative or a competitive effect in the flotation of 
metal ions, so that the flotation selectivities for metal 
ions might be higher in a mixed acid system than in 
a single acid system. Our experimental results show 
that this is the case. 

EXPERIMENTAL 

Apparatus 

A G4 (3-4 pm pore-size) sintered-glass funnel was joined 
to a glass tube to make the flotation cell; in the wall of the 
cell, close to the sintered disc, there is a small hole (equipped 
with a rubber stopper) through which sampling is per- 
formed. The complete flotation equipment is shown in 
Fig. 1. The flow-rate of nitrogen was controlled by a 
regulator valve and measured with a rotameter calibrated 
by means of a soap-bubble flowmeter. The flotation time I 
was taken as I = ft, + I, where r, is the time taken to adjust 
the nitrogen flow, and t, the duration of flotation at the set 
flow-rate. As the process is kinetic in nature, accurate timing 
is essential. A Model 72 spectrophotometer (Shanghai 
Analytical Instrument Company) and a Hitachi Fmnan 

polarized atomic-absorption spectrophotometer, Model 
180/80, were used. 

Reagents 

Cetylpyridinium chloride (CPC) solution was stan- 
dardized gravimetrically with sodium tetraphenylborate’ 
before use for preparing a series of standard solutions. 
Standard Pd(II), Ag(I), Au(III), Ga(III), In(III), 
Ge(IV), Co(II), Ni(II), Cu(II), Zn(II), Sb(III), Bi(II1) 
and Al(II1) solutions were prepared by normal methods 
from the pure metals. Other standard solutons prepared 
were of Ru(II1) from RuCl, (spectrally pure grade), Rh(II1) 
from (NH4)r RhCI, . 1 SH,O (ultrapure), Ir(II1) from 
(NH,),IrCl, . H,O (spectrally pure grade), Ir(IV) from 
(NH,),IrCl,, Pt(IV) from (NH,),PtC& (spectrally pure 
grade), Cr(V1) from K,Cr,O, (analytical grade), Mn(I1) 
from MnSO, (analytical-grade), Fe(I1) from FeSG, (analy< 
ical grade). and Ti(IV) from TiO, (analvtical trade). and the 
rest-from’.the chlorides or nitiates (&ly&al or higher 
grades). Distilled water was used as solvent. 

The mixed acid solution was made by mixing 3 volumes 
of concentrated hydrochloric acid (12M) with 1 volume of 
concentrated nitric acid (I 5&f), and diluting with an equal 
volume of distilled water. 

Procedure 

The required amounts of mixed acid, metal ion solution, 
CPC and 25 ~1 of ethanol (95%) were added to a 25-ml 
standard flask, diluted to the mark with distilled water, and 
mixed. The flask was placed in a laboratory shaker and 
shaken for 10 min, then the solution was transferred into 
the flotation cell, the nitrogen flow-rate was adjusted to 100 
ml/min, and the flotation was conducted for 5 min at 
ambient temperature and atmospheric pressure. 

The remaining flotation solution was withdrawn through 
the sampling valve with a IO-ml syringe, for analysis, and 
the foam was then collected with the sampling tube shown 
in Fig. 2 and collapsed by addition of a small amount of 
ethanol before measurement. The flotation efficiencies deter- 
mined from the two phases were consistent. In general the 
results for the remaining flotation solution were used to 
calculate the fiotation efficiency, and if the data were 
doubtful, the results for the foam phase were used to correct 
the results. 

633 
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Fig. 1. Flotation equipment: l-gas regulator; 2-buffer 
vessel; 3-rotameter, 4-3-way stopcock; 5-flotation cell; 

bsampling valve. 

The methods applied to determine the ions of interest are 
listed in Table 1. According to the concentrations and 
interferences from certain ions, different methods were 
chosen for the determinations. If the results obtained were 
doubtful, a second method was used for confirmation. 

RESULTS AND DISCUSSION 

Experimental conditions 

Concentrations of the floated ions and the cationic 
surfactant, CPC. Ion flotation is most efficient if the 
concentrations of the metal ions are in the range 
10-5-10-3M,* and the flotation would be complete if 
the concentration ratio of CPC to metal ion in the 
original solution is 2 1.9 The concentrations used in 
this work are shown in Table 2, and the results were 
consistent with the predictions above. 

Fig. 2. Sampling tube. 

Reaction time. The rate and completeness of 
the reaction between the metal ions and CPC in 
the solution before flotation will directly affect the 
flotation efficiencies and reproducibilities. At room 
temperature under static conditions these reactions 
were very slow, sometimes taking several hours or 
even longer to reach equilibrium.‘0 Increasing the 
temperature and using agitation would accelerate 
the reactions. In our experiments shaking for 10 min 
was enough for the associated reactions to reach 
equilibrium for most of the metal ions. Figure 3 

Table 1. Methods of determinations of the metal ions of interest 

No. Ion Method 
Range, 
pg/ml No. Ion Method 

Range, 
Mlml 

1 Ru’+ 
2 Rh3+ 

3 Pd2+ 

4 Ag+ 
5 Ir’+ 

6 1ti+ 

7 Pt4+ 

8 Au’+ 

9 Ga3+ 

10 In’+ 

11 Tl+ 

12 Tl’+ 

13 Ge4+ 
14 Zti’+ 

15 Ti4+ 
16 Fez+ 

: : 

1. 

2. 

1. 
2. 
1. 

2. 
3. 
1. 
2. 

Graphite furnace AAS 
Flame AAS 
Spectrophotometry 
SnI, at 460 nm 
Spectrophotometry 
5-Br-PADAP at 510 nm 
Flame AAS 
Flame AAS 
Spectrophotometry 
SnBr, at 420 nm 
Spectrophotometry 
SnBr, at 420nm 
Graphite furnace AAS 
Flame AAS 
Spectrophotometry 
Rhodamine B at 565 nm 
Graphite furnace AAS 
Flame AAS 
Flame AAS 
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Table 2. The concentrations of the capture agent and the metal ions, and their mole ratios 

Ion 
[C;qv Metal Ions], wetal ion], 

M Mole ratio Ion 
‘“M’“], 

M Mole ratio 

Rll’+ 6.0 x lo-’ 1.98 x lo-’ 3.0 Fe’+ 1.8 x IO-’ 9.88 x lo-’ 1.8 
Rh’+ 6.0 x lo-’ 1.94 x lo-’ 3.1 Niz+ 1.8 x IO-’ 6.81 x 1O-5 2.6 
Pd2+ 1.8 x lo-’ 3.76 x lo-’ 4.8 Mn2+ 1.8 x lo-’ 7.28 x 1O-5 2.5 
Ag+ 1.8 x lo-’ 8.01 x lO-5 2.2 co2+ 1.8 x lo-’ 6.79 x 1O-5 2.7 
Ir’+ 2.4 x IO-’ 4.16’~ lO-J 5.8 CU2+ 1.8 x lo-’ 6.30 x lO-5 2.9 
Ir” 2.4 x IO-’ 4.16 x lO-5 5.8 Zn2+ 1.8 x lo-’ 6.12 x lO-5 2.9 
Pt’+ 3.0 x 10-4 8.20 x lo-’ 3.7 Hg2+ 2.4 x lo-’ 3.99 x lo-’ 6.0 
AU’+ 1.8 x lo-’ 7.42 x 1O-5 2.4 Pb2+ 3.0 x IO-’ 5.79 x 10-S 5.2 
Ga’+ 6.0 x lo-’ 2.87 x lo-’ 2.1 Cd2+ 1.8 x IO-’ 3.56 x lo-’ 5.1 
Id+ 6.0 x IO-’ 1.74 x IO-’ 3.4 Sn2+ 2.4 x IO-’ 6.74 x lO-5 3.6 
Tl+ 2.4 x IO-’ 3.91 x 10-S 6.1 Sn’+ 2.4 x lo-’ 6.74 x IO-’ 3.6 
Tl’+ 2.4 x lo-’ 3.91 x 10-S 6.1 
Ge’+ 2.4 x lo-’ 2.76 x lO-5 8.7 

;;:: 1.8 x lo-’ 7.69 x lO-s 2.3 
4.8 x lo-’ 1.64 x IO-’ 2.9 

zll+ 2.4 x IO-’ 8.77 x lO-5 2.7 Bi’+ 4.8 x IO-’ 9.57 x 10-S 5.0 
Ti’+ 1.8 x lo-’ 8.35 x lo-’ 2.2 AP+ 1.8 x IO-’ 7.41 x 10-s 2.4 
Fe2+ 1.8 x IO-’ 7.16 x IO-’ 2.5 

shows some profiles of flotation efficiencies us. reac- 
tion time. 

Amount of ethanol added. The results in Table 3 
show that under the experimental conditions, addi- 
tion of ethanol to the flotation systems would slightly 
increase the flotation efficiencies. The reason for this 
might be that the added ethanol increases the dis- 
persion of the foam and thus increases the total 
adsorption surface. The results in Table 3 also show 
that the best flotation efficiences could be obtained 
with 25 ~1 of 95% ethanol present in 25 ml of the 
flotation solution. 

Flow-rate of nitrogen. Table 4 shows that the best 
flotation efficiencies were obtained by setting the 
nitrogen flow-rate between 75 and 125 ml/min. In a 
given period of time the system would develop a 
smaller adsorption surface area at lower flow-rates 
than at high, and hence the flotation efficiencies 
would be lower; however, if the flow-rate is too high, 
the stability of the foam bubbles will decrease and the 

. Au IIII) 
x Pt (IV) 

0 Pd(IIl 

0 Ge IIVI 

. Bi (III1 

I I I I 
2 4 6 8 

Shaken time (min I 

Fig. 3. Flotation efficiency as a function of the reaction time. 
Nitrogen flow-rate 75 ml/min; flotation time 5 min; medium 

0.48M HCl + 0.2OM HNO, ; ethanol added 20 pl/25 ml. 

antidiffusion layer in the axial direction increase, and 
therefore the flotation efficiencies will again decrease. 
In our experiments, the nitrogen flow-rate was con- 
trolled at 100 ml/min. 

Flotation time. The experimental results showed 
that in the conditions used, the best flotation 
efficiencies for most floatable ions could be obtained 
in 3-5 min of flotation. If the flotation time is too 
short, flotation is incomplete, but if the time is too 
long, not only is this unnecessary, but also the axial 
antidiffusion will increase, the foam be unstable, and 
the flotation efficiencies decrease. In our experiments, 
5 min was chosen as the experimental flotation time 
(see Table 5). 

The flotation behaviour of metal ions in the mixed acid 
system 

In the mixed acid system with total acid con- 
centration of 0.17-3.4M [(HCl] : [HNO,] = 2.4: l), 
the flotation of 31 metal ions at concentrations of 
(2.8-28) x 10m5M in the presence of (1.8-6.0) x 
lo-‘M CPC as cationic surfactant was examined. 
The mole ratios of CPC to metal ion were in the range 
1.8-8.7, as shown in Table 2. The variation in 
flotation efficiency with total concentration of mixed 
acid is shown in Fig. 4. 

Figure 4(a) shows that nearly 100% flotation 
efficiencies can be obtained for Au(III), Pt(IV) and 
Pd(I1) over the whole concentration range of the 

Table 3. Influence of ethanol on the flotation efficiencies 
(nitrogen flow-rate 75 ml/min; flotation time 5 min) 

Flotation efficiency, % 
Ethanol, 
pII25 ml Au(III) Pt(IV) Ge(IV) Pd(I1) Bi(III) 

0 89.0 90.7 86.3 90.4 85.4 
5 90.6 91.8 89.7 92.8 88.9 

; 
95.4 97.2 91.8 96.2 92.2 
98.8 98.6 96.8 98.0 94.4 

50 98.4 98.6 96.5 98.2 94.7 
70 98.2 98.0 95.9 97.8 94.2 

100 98.3 98.2 94.7 96.6 93.6 
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Table 4. Effect of nitrogen flow-rate on flotation efficiency (0.48M HCl + 
0.20M HNO,; flotation time 5 min) 

Flotation efficiency, % 
Flow-rate, 

ml /min Au(II1) Pt(IV) Pd(I1) Ir(IV) Tl(II1) Ge(IV) Bi(II1) 

25 85.8 87.2 84.8 88.4 90.0 83.5 78.8 
50 92.4 94.5 89.8 90.7 95.4 89.7 88.4 
75 98.2 98.5 96.9 100.0 99.6 97.2 94.8 

100 99.0 98.7 98.5 99.2 99.0 97.4 95.3 
125 98.3 98.7 96.8 99.0 98.4 96.8 91.2 
150 89.4 91.6 88.4 91.3 90.2 88.4 85.1 

Table 5. The effect of flotation time on flotation efficiency 
(0.48M HCl + 0.20 N HNO,) 

Flotation efficiency, % 
Flotation time, 

min Au(II1) Pt(II1) W(H) Ge.(IV) Bi(III) 

1 90.4 86.5 89.2 85.9 86.0 
2 96.5 95.2 94.7 92.6 90.2 
3 97.6 98.3 95.8 97.3 95.8 
4 98.8 98.2 97.8 97.0 95.8 
5 99.0 98.4 98.0 97.2 95.5 

mixed acid; flotation of Ir(II1) was incomplete, but to Ir(IV); Ru(III), Rh(II1) and Ag(1) can only be 
complete flotation could be obtained after oxidation partially floated. 

(a) 
400 r .-.-.-.-.2. 

(bl 
:=:+a -.-.-. 

. 
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/ 
.* 

(dl 
.-.-.-. -.1. 
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(e) 
-,-= _; ===_--__ 1 _____ 

f___----_______“_ 
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0.46 0.96 1.44 1.92 

CHCll (Ml fHC13 (M) CHCII (MI 

0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0 

CHN033 (MI CHNO,l (/If) 

Fig. 4. Flotation behaviour of specified metal ions in different acid systems. The solid lines correspond 
to the mixed acid system and the dashed lines correspond to the hydrochloric acid system. (a) I-Pd(II), 
R(IV), WV), Au(III); 2-Ru(II1); 3--Ir(III); 4-Rh(III); 5-Ag(1). (b) I-Tl(III); 2-Ge(IV); 3-Tl(1); 
4-Ga(III); 5-In(II1); 6-Zr(IV), Ti(IV). (c) I-Sn(IV); 2-Sn(I1); 3-X0(11), Cu(II), Zn(II), Mn(II); 
4-Fe(III), Fe(H), Sb(III), AI(II1). (d) I-Bi(III); 2--Cd(II); 3-Ni(II), Pd(I1); 4-0(W); 5-Hg(II). (e) 
1-Au(III), TI(III), Bi(II1); 2-Pd(I1); 3-Hg(II); 4-Ir(III); 5-Fe(W); 6-Ru(III), Rh(III), In(III), 
Zr(IV), Ti(IV), Co(H), Ni(II), Mn(II), Pb(II), Al(II1). (f) I-Zn(I1); 2-Sn(IV); 3-Sb(III); 4-Cd(II); 

5_Tl(I); 6-Ga(III), Cu(II). 
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Table 6. Flotation separations of Au(lII), Pt(IV) or W(H) from Zn(II), Cd(H) or Sb(III) in 
the mixed acid system 
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Sample 
Added, 10-‘M Recovery, % 

A-B CPC, 1O-4 A B D’CII[Al + PI A B Medium 

Au’+-Zn2+ 2.4 7.42 6.12 1.8 89.7 0.0 
&4+-zn2+ 2.4 4.10 6.12 2.4 90.1 0.5 
Pd2+-Zn2+ 2.4 7.52 6.12 1.8 86.4 4.2 0.24M HCl 

Au’+-Cd2+ 2.4 7.42 3.56 2.2 87.0 0.0 
Pt4+-Cd2+ 2.4 4.10 3.56 3.1 93.3 3.0 

O.lOM+HNG, 

Pd2+Cd2+ 2.4 7.52 3.56 2.2 87.2 1.9 

Au3+-Hj$+ 3.6 7.42 3.99 3.2 94.5 2.8 2.4M HCl 
Pt4+-Hg2+ 3.6 4.10 3.99 4.4 95.5 3.3 
Pd2+-Hg2+ 3.6 7.52 3.99 3.1 88.5 1.7 

1 

1 .OM+HNO, 

Au’+-Sb’+ 6.0 7.42 16.4 2.6 94.2 1.1 0.24M HCl 
Pt4+-Sb’+ 6.0 4.10 16.4 3.0 99.8 3.5 
Pd2+-Sb3+ 6.0 7.52 16.4 2.6 9.42 6.5 

> 

0.10; HNO, 

Figure 4(b) shows that the flotation efficiencies for 
Ga(III), In(III), Zr(IV) and Ti(IV) are below 20% 
or almost insignificant; Tl(1) is partially floated, but 
once it is oxidized to Tl(III), it, as well as Ge(IV), can 
be completely floated, over the whole range of acid 
concentration. 

Figure 4(c) and (d) shows that for Fe(II), Fe(III), 
Co(II), Ni(II), Cu(II), Zn(II), Cd(II), Mn(II), Pb(I1) 
and Cr(V1) the flotation efficiencies are below 20% 
or negligible, Sn(I1) and Sn(IV) are practically com- 
pletely floated at total acid concentration 2.0-3.4A4, 
Hg(I1) is partially floated at low acidity, the flo- 
tation of Bi(II1) is almost complete over the whole 
acidity range, but Sb(III) and Al(II1) cannot be 
floated at all. 

Comparison offlotation behaviour in the mixed acid 
system and in hydrochloric acid 

Nozaki et al. have reported the flotation behaviour 
of (2.8-4.9) x 10e4M Ru(III), Rh(III), Pd(II), Ir(III), 
Pt(I1) and Au(II1) in 0.0043.OM hydrochloric acid 
containing (1.7-2.1) x 10m3M CPC as cationic sur- 
factant, and of (4-5) x 10-4M Ga(III), In(IIi), 
Tl(III), Tl(I), Cr(III), Mn(II), Fe(III), Co(II), Ni(II), 
Cu(II), Zn(II), Cd(II), Hg(II), Sn(IV), Pb(II), 
Sb(III), Bi(III), Al(III), Ti(II1) and Zr(IV) in 0.1-6M 
hydrochloric acid with (2-4) x lo-‘M CPC4 

We investigated the flotation behaviour of all 
these ions except Pt(I1) and Cr(II1) in the mixed 
acid HCl-HNO, system, [(Fig. 4(a)-(d)] and for 
comparison show the corresponding behaviouti*5 
in hydrochloric acid [Fig. 4(e), (f)]. Because of the 
combined effects of the two acids, the flotation 
behaviour of metal ions in the mixed acid system 
differs from that in the single acid system. In the 
mixed acid system, flotation is negligible for Ga(III), 
In(III), Mn(II), Fe(III), Co(II), Ni(II), Cu(II), Pb(II), 
Al(III), Ti(IV) and Zr(IV) whereas Tl(1) is partially 

floated and Pd(II), Au(III), Tl(III), Sn(IV), Bi(II1) are 
completely floated, which is consistent with the 
flotation behaviour in the single acid system. The 
flotation of Ru(II1) and Rh(III), which are not floated 
in the single acid solution and of Ir(III), which cannot 
be floated at hydrochloric acid concentration higher 
than 0.3M, is obviously improved. This implies that 
the mixed acid system has a synergistic effect on the 
flotation of these three ions. On the other hand, for 
the flotation efficiencies of Zn(II), Cd(II), Hg(I1) and 
Sb(III), for which 85-100% flotation efficiency is 
obtained in the hydrochloric acid system, there is a 
strongly antagonist effect in the mixed acid system. 
In general, the results show that the flotation 
efficiencies and the selectivities for the noble metal 
ions are higher in the mixed acid system than in the 
single acid system. The data listed in Table 6 verify 
this conclusion. 

1. 

2. 
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4. 

5. 

6. 
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Summary-The determination of metal ions by capillary isotachophoresis and the complexation 
equilibria between metal ions and polyaminopolycarboxylic acids has been investigated. A seven- 
component mixture of metal ions can be separated in 45% v/v acetone-water medium when EDTA 
or DATA is used as the terminating ion. Linear calibration graphs are obtained for a standard 
mixture of Mn+, Cu*+, ZnZ+, Cd2+, Pb*+ and Fd+ in the range OS-5.0nmole, with relative 
standard deviations of 1.0% or better. The effective mobilities of the Mn(II), Co(H), Ni(II), Cu(I1) and 
Zn(I1) complexes increase in parallel with the stability constants, except for the Cu(I1) complexes. It is 
concluded that the abnormal behaviour of the Cu(II) complexes may be attributed to a difference in steric 
configuration. 

Simultaneous determination of a number of ionic 
species is easily achieved by capillary isotachophor- 
esis. In this technique, the separation of ionic species 
is based on a difference in the effective mobilities 
under an electrical potential gradient. Several ap- 
proaches have been used to change the effective 
mobilities of ionic species.’ In particular, the com- 
plexation equilibria between metal ions and a 
counter-ion or an electrically-neutral ligand in the 
leading electrolyte have frequently been used to con- 
trol the effective mobilities of the metal ions.‘” This 
method has also been used for evaluation of the 
stability constants of several metal(I1) complexes and 
for computer simulation by Kiso and Hirokawa.‘-’ 
The leading electrolyte has thus been mainly utilized 
in the separation of metal ions by exploitation of the 
complexation equilibria. Only slight attention has 
been paid to the terminating electrolyte. Hirama and 
Yoshida have reported the isotachophoretic separ- 
ation of anionic chloro-complexes in N,N-dimethyl- 
formamide as the solvent.iO.” The characteristic of 
this method was that the chloride used functioned as 
both a complexing agent and the terminating ion. In 
isotachophoresis, the concentrations of the zones 
always attain a value fixed by the composition of the 
leading electrolyte and it is not necessary to determine 
the concentration of the terminating electrolyte ex- 
actly. This advantage will simplify the operation even 
if the composition of the terminating electrolyte is 

replaced by another on account of the separation of 
metal ions. 

In the present study, the isotachophoretic separ- 
ation of metal ions, with a polyaminopolycarboxylic 
acid as both the terminating ion and the complexing 
agent was investigated. Aqueous acetone was used as 
the solvent for the leading electrolyte to reduce the 
effective mobility of the polyaminopolycarboxylic 
acid. In addition the use of a mixed solvent made it 
possible to separate a seven-component mixture of 
metal ions. 

EXPERIMENTAL 

Apparatus 

Isotachopherograms were obtained by use of a Shimadzu 
IP-2A isotachophoretic analyser equipped with a potential- 
gradient detector. The main separating column (100 x 0.5 
mm I.D.) was a fluorinated ethylene-propylene copolymer 
(FEP) tube, and the pre-separating column (60 x 1.0 mm 
I.D.) was a polytetrafluoroethylene (PTFE) tube unless 
otherwise stated. The separation compartment was kept at 
25”. The driving currents were 200 and 50 PA for the 
pre-separating and main separating steps. 

Reagents 

All reagents were analytical grade (Wake Pure Chemical 
Industry Co., Ltd.) and used without further purification. 
Distilled and demineralized water was used throughout. The 
stock solution of the disodium salt of EDTA was made 
directly from the solid. Stock solutions of the disodium 
salts of 1,2-propylenediaminetetra-acetic acid (PDTA) and 
of trans-1,2-diaminocyclohexanetetra-acetic acid (DCTA) 
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Table 1. Operational system for metal analysis by isotachophoresis 

Parameter Leading electrolyte Terminating electrolyte 

Electrolyte 

Solvent 

5mM HCl 
2mM B-alanine 
45% vlv acetone-water 

5mM Na,EDTA, 
Na,PDTA or Na,DCTA 
water 

were prepared by dissolving the solid acids in water contain- 
ing 2 moles of sodium hydroxide Per mole of the acid. 
Stock solutions of metal ions were made from the chlorides 
except for lead(II), for which the acetate was used, and were 
standardized by titration with standard EDTA solution. 

Procedures 
The optimum composition of the leading and terminating 

electrolytes for isotachophoretic determination of bivalent 
and tervalent metal ions is shown in Table 1. The concen- 
tration of the leading electrolyte should not be increased, 
because of the poor solubility of EDTA and its complexes 
in the acetone-water solvent. The sample solution (1mM 
concentration) is injected with a microlitre syringe, and then 
the driving current is applied. The analysis time per run for 
determination of seven metal ions is about 24 min. 

RESULTS AND DlSCUSSlON 

Figure 1 shows the isotachopherograms of bivalent 
(A) and tervalent (B) metal complexes of EDTA in (a) 
water and (b) 45: 55 v/v acetone-water as solvents, 
with 5mM citric acid as the terminating electrolyte. 
The EDTA complexes of Ni(II), Zn(I1) and Cd(II), 
together with EDTA were detected as a mixed zone 
when water was used as the solvent. Similarly, the 
tervalent metal complexes formed mixed zones in 
water. The acetone-water solvent, on the other hand, 
made separation of the EDTA complexes possible. 

In addition, the effective mobility of EDTA was 
lower than that of the EDTA complexes. This sug- 
gests that EDTA may be usable as the terminating 
electrolyte. The metal ions could then be separated by 
means of the complexation equilibria occurring in the 
capillary tube, with acetone-water as the solvent for 
the leading electrolyte. To study the specific effects 
of acetone and ethanol as solvents the isotacho- 
pherograms of six bivalent metal ions at a tied 
dielectric constant (t = 56) and solvent composition 
(45% v/v acetone or ethanol) were recorded (Fig. 2). 
The separation of Ni(II), Zn(I1) and Cd(I1) is more 
successful in acetone-water than in ethanol-water 
medium. The effective mobilities of the metal com- 
plexes were satisfactorily different when acetone 
(which has smaller donor and acceptor numbers’*) 
was used. 

The effects of the concentrations of acetone and 
/l-alanine in the leading electrolyte on the separation 
of metal ions are shown in Figs. 3 and 4. The R, 
value’ is the ratio of the potential gradient of the 
sample ion to that of the leading ion (Es/&), which 
corresponds to the ratio of the effective mobility of 
the leading ion to that of the sample ion (r&L/&). The 
Es/EL value can be obtained from the step height 
on the recorder trace (RE = Es/EL = hs/hL = C&s). 

Time 

Fig. 1. Isotachopherograms of bivalent (A) and tervalent (B) metal complexes of EDTA in water (a) and 
45% v/v acetone-water (b). Leading electrolyte: 5mM HCl, 2mM /I-alanine. Terminating electrolyte: 
5mMcitric acid. Migration current: 200 PA -+ 50 PA. Sample: 1.0 ~1 of a mixed solution (each component 

1mM). 

A 

1. Cl 
2. Pb 
3. Ni 
4. Zn 
5. Cd 
6. cu 
7. EDTA 
3. Citrate 
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EDTA 

(a) 

r 

EDTA 

(b) 

Fig. 2. Isotachopherograms of bivalent metal ions in different isodielectric solvents (6 = 56) at 25”. 
(a) Acetone, (b) ethanol. Terminating electrolyte: 5rnM Na,EDTA. Other conditions as for Fig. 1. 

Time 

Fig. 3. Effect of the concentration of acetone on the 
separation of metal ions. Terminating electrolyte: 5mM 
Na,EDTA. Sample: 1.0 ~1 of 1mM metal solution. Other 

conditions as for Fig. 1. 

IL___ 
0 1 2 3 4 

p-Atanine/mM 

Fig. 4. E&t of the concentration of /Manine on 
the separation of metal ions. Leading electrolyte: 5mM 
HCl, j-alanine. Terminating electrolyte: 5mM N%EDTA. 
Sample: 1 .O p 1 of ImM metal solution. Other conditions as 

for Fig. 1. 
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Fig. 5. Isotachopherogram of a standard mixture containing 
bivalent and tervalent metal ions (1.0 nmole of each). 
Terminating electrolyte: 5mM Na,EDTA. Other conditions 

as for Fig. 1. 

In 20% v/v acetone-water, only two metal ions could 
be separated. On the other hand, in 40 or 45% v/v 
acetone-water, a seven-component mixture of metal 
ions could be separated. The differences between the 
R, values of successive metal ions decreased with 
increasing concentration of /I-alanine; the separation 
became poor at > 3mM concentration of /l-alanine 
and was incomplete with <2mM p-alanine. The 
isotachopherogram of a standard mixture containing 
bivalent and tervalent metal ions at 1 nmole level 
under the optimum conditions is shown in Fig. 5. 
Linear calibration curves over the range 0.5-5.0 
nmole of metal ion when sampling volumes from 0.5 
to 6.0 ~1 of a mixture of 1.0 mM Mn(II), Cu(II), 
Zn(II), Cd(II), Pb(I1) and Fe(II1) was analysed with 
use of a 100 x 1.0 mm I.D. pre-separating column. 
The relative standard deviations were 1 .O% or better 
for 4 runs of 2.0 nmole. When the injection volume 
was kept constant at 20 ~1, the linear region of the 
calibration curves was 2.5 x 10m5-2.5 x 10e4A4. 

As the complexation equilibria between the termi- 
nating electrolyte and the metal ions are used in this 
method, the mutual separation of metal ions may be 
improved by replacing EDTA by other polyamino- 
polycarboxylic acids. The RE values of metal ions 
with EDTA, PDTA or DCTA as the terminating ion 
are shown in Fig. 6. There is not much difference 
between the behaviour of the EDTA and correspond- 

I 1 0 
DCTA 

P$TA 

EDJA 

Mn 

Cd 

L 

CU 
Pb 

fI 

Al 

Ni 
1 I I 

EDTA PDTA DCTA 

Fig. 6. R, values of metal ions with EDTA, PDTA 
or DCTA as the terminating electrolyte. Terminating 
electrolyte: 5mM Na,EDTA, Na,PDTA or Na,DCTA. 
Sample: 1.0 ~1 of mM metal solution. Other conditions as 

for Fig. 1. 

ing PDTA complexes, but with DCTA the R, values 
of the Ni(II), Cu(I1) and Al(II1) complexes are much 
smaller than with EDTA. Hence nickel can be sepa- 
rated from zinc, and manganese from aluminium, 
when DCTA is used as the terminating ion. 

The effective mobility (G) is defined asi 

P = 1 aiyiuj (1) 

where ai is the degree of dissociation for ion i, which 
depends mainly on the dissociation constant, tem- 
perature and pH in the zones, yi is a correction factor 
for the effects of relaxation and electrophoresis in the 
mobility, as described by Onsager, and can be re- 
garded as 1 at low ionic concentrations, and U, is the 
absolute mobility. For the separation of bivalent 
metal ions, the effective mobilities of the complexing 
agent in the sample and terminating zones can be 
expressed as follows: 

Is,+, = i$0~,[H,Yi-4] + u4[MY2-] 

(2) 

where Cv,, and C,,, are the total concentrations of 
the complexing agent in the sample and terminating 
zones, respectively. The tiv,T value was smaller than 
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rJv,s in 45% acetone-water solvent. The riv,s value 
increases with increasing equilibrium concentration 
of the complex species formed. The chemical equi- 
libria of complexation can be expressed as: 

M2+ + y4- ‘My2- ~MHY- (4) 

The stability constant values KMHY for the proton- 
ated complexes are approximately constant for M 
ranging from Mn(I1) to Zn(I1) in the periodic table, 
so the effective mobilities of these complexes should 
be governed by the KMv values. The stability sequence 
of these complexes of EDTA, PDTA and DCTA 
is in agreement with the Irving-Williams series: 
Mn < Co z Zn < Ni < Cu. The effective mobilities of 
these complexes increased with increasing KMy values 
except for the Cu(I1) complexes: 

Cu < Mn < Zn x Co < Ni (EDTA, PDTA) 

Mn < Cu < Zn = Co < Ni (DCTA) 

The effective mobilities of the Cu(I1) complexes 
were relatively small, although the Cu(I1) complexes 
are the most stable of this group. This could not be 
explained on the basis of the stability sequence. 
Figure 7 shows a good correlation between the R, 
values of all the EDTA and DCTA complexes except 
those of Cu(II), indicating that the effective mobilities 
are indeed primarily governed by the stability con- 
stants. The calibration graphs for Mn(II), Co(II), 
Ni(II), Zn(II), Cd(I1) and Pb(I1) with EDTA as the 
terminating ion had identical slopes, but the slope 
for the Cu(I1) calibration graph about 15% lower. 
With DCTA as terminating electrolyte, however, 
all the slopes agreed to better than 4%. The smaller 
slope of the calibration graph for Cu(II)-EDTA 
consequently suggests that the average charge of 
Cu(II)-EDTA in the zone may be lower than that of 

the other EDTA complexes. Higginson and Samuel 
have reported the structures of the EDTA and DCTA 
complexes of some bivalent metal ions in aqueous 
solution.” The following proportions of the aquo- 
quinquedentate form (B) in mixtures with the parent 
complex (A) have been found: Co(II)-EDTA, 
24 + 2%; Ni(II)-EDTA, 25 f 2%; Cu(II)-EDTA, 
38 + 2%; Co(II)-DCTA, < 5%; Ni(II)-DCTA, 
< 2%; Cu(II)-DCTA, < 8%. 

OHI 
0, I 

*Ha0 
- 
-H*O 

r‘/ + 0 

M 

N l-/O \I 0 

(Al tB1 

The aquoquinquedentate form of the EDTA com- 
plex, shown schematically above, which is struc- 
turally flexible, is present to a much greater extent 
than that of the DCTA complex. The proportion of 
the aquoquinquedentate form of Cu(II)-EDTA is 
particularly high. This suggests that protonation to 
yield a non-bonding carboxylic acid group tends 
to increase on addition of acetone to the system, 
particularly for Cu(II)-EDTA. The decrease of the 
average charge of Cu(II)-EDTA is therefore larger 
than that for the other EDTA complexes, but the 
changes in the average charge of the DCTA com- 
plexes are approximately equal. The abnormal be- 
haviour of the Cu(I1) complexes may therefore be 
attributed to the difference in steric configuration. 
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Fig. 7. Correlation between R, values of EDTA complexes 
and DCTA complexes. 
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Summary-The complexing abilities of a series of chromogenic crown ethers for potassium and sodium 
ions have been investigated, by spectrophotometry for the reactions in solution, and by diffuse reflectance 
spectroscopy when the crown ethers were immobilized. The binding coefficients of the reagents increased 
with increasing negative charge in the cation-binding site and with increasing extent of chelation. 
Centimolar K+ concentrations could be determined with the immobilized reagents, with a K+/Na+ 
selectivity ratio of approximately 10. 

Since the discovery of crown ethers in 1967’ and the 
realization of their complexing ability for alkali and 
alkaline-earth metal ions,‘*’ they have been used in 
many applications,4*5 e.g., in phase-transfer catalysis 
and metal-ion chromatography, and as immobilized 
catalysts. They are useful for the determination of 
alkali-metal and alkaline-earth metal ions in the ppm 
range in aqueous solution, but a drawback is that 
there is no colour change on complexation. Early 
attempts to overcome this difficulty included using 
the reagents in conjunction with a pH indicator, to 
form a ternary complex with a colour different from 
that of the neutral indicator.G9 More recently, crown 
ethers have been synthesized which incorporate chro- 
mophores that result in a colour change on ion 
complexation. *O*” These chromogenic crown ethers 
fall into two main groups: (1) pH-independent, which 
do not contain ionizable hydrogen atoms, e.g., II, III, 
V, and (2) pH-dependent, which undergo proton loss 
on complexation, e.g., I, IV, VI and VII. 

I 

*Present address: P.O. Box No. 550, Muscat, Ckntral 
Laboratories, Ministry of Commerce and Industry, 
Sultanate of Oman. 
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The present work was part of a study to develop 
an optical fibre probe for the in uiuo determination of 
alkali-metal ions. We have investigated some chro- 
mogenic crown ethers (I-VII) and spec- 
trophotometrically determined the acid dissociation 
constant, K, (for ionizable or protonated reagents), 
the binding coefficient, Kb (for pH-independent re- 
agents) towards K+ and Na+, and the extraction 
coefficient, k; (for pH-dependent reagents) for K+ 
and Na+. The more promising crown ethers were also 
immobilized on an inert matrix (Amberlite XAD 2) 
and 4, Kb and K, were again determined, in a 
flow-cell, by diffuse reflectance spectroscopy. A pre- 
liminary communication has been made concerning 
the use of VII as a reagent in an optical sensor for 
potassium.‘2 

THEORY OF IMMOBILIZED SENSORS 

Determination of K, 

Let the acidic and basic forms of the indicator be 
designated HL and L-. If R, and Rb are the 
reflectances of the immobilized crown ether in its 
fully acidic and fully basic forms respectively, and R, 
is the reflectance of a pure white scatterer (e.g., 
barium sulphate) the relative reflectances R: and Ri 
are R: = R,/Rw and Ri = R,IR,. 

According to the Kubelka-Munk theory,13 R: and 
RL are related to [HL] and [L-l by 

v - F(R), = k,[HL] 
* 

and 

(1) 

w - F(R), = k,[L-] 
b 

(2) 

where k. and kb are the absorption coefficients of the 
acidic band basic forms respectively and F(R), is the 
Kubelka-Munk function of the undyed matrix. 

Provided that k, B k, at the selected wavelength, 
the Kubelka-Munk function can be applied to each 

form independently. If RI is the relative reflectance of 
some intermediate state which contains a fraction x 
of HL, then 

~-F(R), = xkJI-IL] + (1 - x)k,[L-] (3) 
I 

Combining (1), (2) and (3), and putting R;,2 = RI 
when [HL] = [L-l, leads to 

R, 

112 
= CR: + KM + K&J 

4R;R; 

,/(R; + R;)2 (1 + R:R# - 16(R:R;)’ - 
4R;R;, 

Thus an experimentally determined plot 
reflectance ~8. pH enables R;,, to be obtained. 

Since in dilute solution 

K. = W+l [L-I/D-U 

(4) 

of 

(5) 

so that K, = [H+] when [HL] = [L-l, the hydrogen- 
ion concentration corresponding to R ;,2 is equal to K, 
for the immobilized reagent. 

Determination of K, 

If ML is the immobilized form of the ligandjmetal 
complex, then the extraction coefficient k: is given by 

WI W+l 
K = [HL] [M+] (6) 

The colour of ML is identical to that of L-, since the 
electronic structure of the chromophores is the same, 
and these species cannot be differentiated spec- 
trophotometrically. However, by combining equa- 
tions (5) and (6) and denoting by [H+],,r the 
hydrogen-ion concentration at which [ML] + [L-l = 
[HL], the following expression is obtained: 

K = W+lu2 - K 

W+l 

Thus [H+],,, is the hydrogen-ion concentration corre- 
sponding to R;,2, which itself may be obtained from 
equation (4). All the quantities on the right-hand side 
of equation (7) are now known and & may be 
calculated. 

Determination of K, 

The binding coefficient, Kb, of the immobilized 
crown ether anion L- with alkali-metal ions is given 
by the expression 

(8) 

Combining (5), (6) and (8) leads to 

& = &I& (9) 

Thus the inherent tendency of the ligand to bind to 
alkali-metal ions may be determined from the extrac- 
tion coefficient and the dissociation constant of the 
ligand. 
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F.XPBRIMENTAL 

Reagents 
Compound I frakagi reagent) was purchased from Poly- 

sciences Ltd. and used without further pulsation. Com- 
pounds IIt’ and VP5 were prepared and put&d as in the 
literature. The preparations of compounds HI, IV, V and 
VII are described below. 

Compound Ill, N-Phenylaxa-18-C-6 was nitrosated by the 
procedure described by Dix and VBgtle14 for the analogous 
15-C-5 compound. The crude nitroso compound was chro- 
matographed on silica to give a green oil which was used 
without further purification (tic, & = 0.57, on silica with 
CH&l,/S% C,HiOH), S, (CDCI,) 8.11 (d, ZH, ArH), 6.69 
(d. 2H.ArH). 3.82-3.56 (mm. 24H. -CCH,CH,O- and 
xH,N-f. Hydrogenation. of the nitroso compound in 
ethanol (PtO,, atmospheric pressure) gave N-(4- 
aminophenyl)ara-IS-C-6 as a semicrystalline solid, which 
was kept under argon and used without further pm&cation. 
The p-pheny~~~a~ne derivative was oxidatively coupled 
with phenol by the procedure described by Dix and 
V6gtle” for the 15-C-5 compound. The crude dye was 
chromatographed on silica (and eluted with 
CH,Cl,/S%C,H,OH) to give a deep blue oil. The ‘H NMR 
spectrum of the product showed the presence of an aromatic 
impurity (probably phenol), which could not be removed by 
chromatography or by crystallization. From the NMR 
spe&um the product was estimated to be about 80% pure. 

C~rn~u~d Y. 2-Hydroxy-l,3-xyIyl-18-C-5’6 (0.2 g, 0.64 
mmole), ~,~~ime~yl-l,4-phenylen~~ne (0.105 g, 0.77 
mmole), and potassium carbonate (0.09 g, 6.5 mmole) were 
taken in ethanol (5 ml). The reaction mixture was stirred 
and a solution of potassium hexacyanoferrate(I1~) (2.03 g, 
6.2 mmole) in water (10 ml) was added. After 30 min the 
mixture was diluted with water (25 ml) and extracted with 
~~~ororn~e (three 25ml portions). The combined ex- 
tracts were washed with water (50 ml) and dried (MgSO,), 
and the solvent was removed to leave a blue oil (0.29 g). The 
dye was crystallized from ethyl acetate by the slow addition 
of petroleum ether @.p. 60-80’) and the mother liquor was 
removed to leave, after drying, 0.19 g (67%) of a soot-like 
blue-black powder. A sample was recrystallized from ethyl 
acetate,$etroleum ether (b.p. 60-130~). The m.p. was 
100-103”. (Found C 64.2%, H 7.3%, N 6.0%; C,H,N,O, 
requires C 64.85%, H 7.25%, N 6.30%); mfz 446 (M + 2); 
S, (CDCl,) 7.27 (s 2H, ArH), 7.03 (d, 2H, ArH, 
J = 7.37H,), 6.76 Id. 2H. ArH. J = 7.3 H,), 4.51 (s, 4H. 
ArCH,). 3.783.5l‘(mfs, 16H, -CCH,CH&), 3.65 (s; 
6H, NCH,); d_ (MeCN) 580 nm, log t: 4.32. 

Corny YII. Z-Hydrox~~,3-xylyl-18-C-S (0.4 g, 1.28 
mmole) was dissolved in ethanol (2 ml) and the solution 
added to a suspension of lithium hydroxide (1 g, 23 mmoie) 
in water (10 ml). 4-Nitroaniline (0.18 x, 1.3 mmole) was 
separately.dissolved in hot water (i.5 mlj’plus concentrated 
hydrochloric acid (0.7 ml). The solution was cooled in an 
ice-bath and an ice-cold solution of sodium nitrite (0.09 g, 
1.3 mmole) in water (3 ml) was added. The reaction mixture 
was stirred for 10 min, and then added dropwise with 
stirring to the crown ether solution. The mixture was left 
overnight and the resulting deep violet solution was acidified 
with concentrated hydrochloric acid until the colour 
changed to a deep red-orange. The solution was extracted 
with dichloromethane (three 30-ml portions) and the ex- 
tracts were combined, and washed with water. The organic 
solution was dried (MgSO,) and the solvent removed to 
leave an orange-red oil (0.56 g). The NMR spectrum of the 
product showed that it contained the axe dye and the 
starting crown ether in the ratio 4: 1 dye:crown ether. The 
crude product was dissolved in ethanol (5 ml) and the 
solution left to stand for several hours. The orange crystals 
of product were then collected and dried, to leave 0.33 g 
(56%) of product. 

An analytical sample was recrystallized from ethanol: 

m.p. 107-l 10”. (Found: C, 57.1%; H, 5.9%; N, 8.9%, 
CuH,,NsO,requiresC, 57.26%; H, 5.90% N, 9.11%). m/z 
461 (2.3%) M+, 431 (2.6%), 312 (9.4%), 271 (22.8%), 241 
(5.8%), 121 (71.3%), 45 (100%); S, (CDCI,) 8.35 (d, WI. 
ArH, J = 7H,), 7.95 Id, 2H, ArH,--.r‘= 7H;j, 7.84 isi 2H; 
ArH). 4.78 (s. 4H. ArCfIG-). 3.71 (m. 16H. 
-OCH,CH,U-): = ” ’ ’ ’ 

Compound IV. N-(2-Hydroxybenxyl)-aza-18-C-6i7 (0.83 
g, 2.25 mmole) was dissolved in 10% sodium hydroxide 
solution (7 ml). CNitroaniline (0.31 g, 2.24 mmole) was 
separately dissolved in a mixture-of concentrated sulphuric 
acid (0.4 ml) and water (1.75 ml). The solution was cooled 
in an‘ice-bath and a solution of sodium nitrite (0.17 g, 2.46 
mmole) in water (6 ml) was added. The mixture was stirred 
for 15 mm and then added slowly to the solution of crown 
ether. The mixture was left to warm slowly to room 
temperature overnight and then acidified with concentrated 
hydrochloric acid until the purple solution turned orange. 
The dye was extracted into dichloromethane (three 30-ml 
portions) and the extracts were combined, washed with 
water and then dried. Evaporation of the solvent left 0.6 g 
(51%) of a dark red-black oil which partly crystallized on 
standing. Attempts to purify the product by chro- 
matography on silica led to considerable loss of material 
and attempts to crystallize the dye from solution failed. The 
NMR spectrum showed 6, (CDCI,) 8.31-7.78 (m, 7H, 
ArH), 3.87 (m, 2H, ArCH,), 3.66 (m, 2OH, -OCH,CH,O-), 
3.33 (m, 4H, -CH,N). The mass spectrum showed peaks at 
m/z 519 (M i-H)+, 100%; 503,8.1%; 476,5.4%; 391,1.6%; 
370,4.9%; 307, 10.8%; 264, 73.6%; 256, 27%; 154,43.5%. 

All reagents were supplied by BDH Ltd., and were of 
AnalaR grade where possible. A Perkin-Elmer Lamda 5 
s~~ophotometer and an BIL 9141 pH=meter were used. 

Determination of pKp. A range of solutions was prepared 
containing chromogemc crown ether (0.27 #mole), tris- 
(hydrox~ethyl~e~yl~ne (tris, 0.2 rmole), l&dioxan 
(1 ml) and water (5 ml). Hydrochloric acid (O.lM) was 
added to adjust the pH to cover the range 4-11, and the 
solutions were made up to 10 ml with water. The pH of each 
solution was measured and the pK, of the crown ether was 
determined spectrophotometrically. 

Determination of Kb. A range of sohnions was prepared 
containing chromo~nic crown ether (0.25 gmole), 
1,4dioxan (1 ml), sugicient potassium chloride to cover the 
concentration range O-2M and sufficient lithium chloride to 
make all the solutions of the same ionic strength. The 
solutions were then make up to 10 ml with water and the 
spectrum of each solution was recorded from 300 to 700 nm. 

~et~~~at~~n of K,. This was based on the method used 
by Nakamura et aLi with a ~~hydrochlo~c acid buffer, 
and chloroform as extraction solvent. 

Immobilized reagent studies 
The optical fibre test rigI and the conditioning of the 

XAD 2 resinzO were similar to those described elsewhere. To 
immobilize the crown ether on the resin, the crown ether 
(6 mg) and l&dioxan (3 ml) were stirred in a covered IO-ml 
beaker until the reagent had dissolved. XAD 2 resin (100 
mg, 200-300 mesh) v&s introduced into the solution and the 
suspension was stirred for 6 fir, then allowed to settle, and 
the excess of liquid was removed by pipette. Water (5 ml) 
was added to the beaker and the contents were again stirred 
and allowed to settle, this washing step being repeated three 
times. The impregnated resin was kept under water until 
USe. 

Determination of pK,. A mixture of demineralized water 
(100 ml) and N,N,N’,N’-tetramethyl-1,2_diaminoethane 
(1 ml) was prepared in the reservoir beaker and a pH 
electrode was introduced. This solution was pumped 
through the flow-cell,” and when the amplifier reading had 
become steady the value was noted together with the 

TAL 36,fr-C 
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corresponding pH. Typically the response time was ca. 30 
min. The pH of the solution was adjusted to another value 
by means of a few drops of dilute hydrochloric acid and the 
procedure was repeated. This was continued until a pH 
change of approximately 1 unit caused no further change in 
reflectance. K, was determined from these results as dis- 
cussed earlier. Throughout the studies there was no visible 
evidence that the adsorbed reagent had been leached from 
the matrix or had undergone photo-bleaching, and the 
diffuse reflectance measurements were repeatable from 
dav to dav. the ratio of the standard deviation to the mean 
being 0.1%. 

Determination of K,. A mixture of potassium chloride 
solution fO.lM. 100 ml) and N,N.N’,N’-tetramethyl- 
1,Zdiaminoethane (1 ml) ‘was prepared in the reservoir 
beaker and reflectance vs. pH readings were obtained as 
above. The procedure was repeated for potassium chloride 
concentrations up to l.OM and K, was determined as 
discussed earlier. 

RESULTS 

The values of pK,, K,, and K. (for extraction into 
chloroform) obtained for the crown ethers I-VII in 
solution are given in Table 1 (literature values are 
given in brackets, where available). 

In all cases the binding coefficients of the pH- 
independent reagents for K+ and Na + were so low in 
aqueous solution that it was impossible to convert the 
ligand completely into its metal complex. A value of 
Kb was obtained by plotting l/(A,, - A,) vs. a,,, where 
A0 is the absorbance of the system containing no 
metal, and A, is the absorbance of the system at a 
metal activity a,,,. Kb is the ratio of slope to intercept 
(on the ordinate) of the linear plot. 

In a few instances the binding coefficients were so 
low that the spectra could not be adequately resolved. 
The minimum resolvable spectral spacing would have 
given a Kb value of 0.1. In these cases Kb was 
estimated as ~0.1. As expected, it was found that I, 
VI and VII could all be used to determine potassium 

345676 9 10 11 

PH 

Fig. 1. Effect of K + concentration on normalized reflectance 
R, us. pH; [K+]; 0, OM; A, O.lM; V, 0.25M; 0, l.OM. 

at the pg/ml level at a pH of about 10, whereas II, 
III and V were relatively insensitive. 

Because the sensitivities of the pH-dependent re- 
agents are higher than those of the pH-independent 
ligands, I, VI and VII were immobilized on Amberlite 
KAD 2 resin, and pK,, Kb and K. were determined for 
K+ and Nat. The results, given in Table 2, were 
calculated by obtaining the normalized reflectance R,, 
and the corresponding pH in the presence of various 
concentrations of metal ions. A plot of RN vs. pH is 
shown for I in Fig. 1. Equations (S), (7) and (9) were 
then used to obtain K,, K,, and &. 

DISCUSSION 

The values of K,, Kb and K, obtained from solution 
studies would be expected to be similar, but not 

Table 1. Acid dissociation constants and binding and extraction coefficients of the crown 
ethers in solution 

Compound PK, UK+) &(Na+) UK+) KSNa+) 

I 8.70 (8.79)” (7.4 x 10_‘0)‘6 
II 2.8 <0.1* 
III 4.5 0.3* <0.1* 
IV 9.657 455 
V 4.26 2.6* 1.2’ 
VI 7.22 (6.69)l’ 2.8 x lo-’ 2.0 x 10-s 
VII 7.88 

The pK, and Kb values were obtained in 90/10 water/dioxan except as stated below. 
+p = 2.5. 
tWater/dioxan 80120. 
&I = 0.1. 

Table 2. Acid dissociation constants and binding and extraction 
coefficients for crown ethers immobilized on KAD 2 

Compound pK, K&+1 KbWa+) KS’) IZ(Na+) 

1 9.00 13.7 1.9 1.37 x 10-e 1.90 x 10-V 
VI 7.42 21.1 1.9 8.03 x 10-7 7.13 x 10-g 
VII 9.48 113.0 17.9 3.75 x IO-* 5.87 x lO-9 
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necessarily identical, to those obtained for the immo- 
bilized reagents. An immobilized reagent is bound on 
the surface of a matrix which has a polarity that is 
probably different from that of water or an organic 
solvent. It is well known that the polarity of the 
micro-environment of a reactive centre greatly 
influences many reactions. Furthermore a reactant 
can approach an immobilized reagent from only one 
direction, and the progress of the reaction may thus 
be sterically hindered. In addition, the way in which 
the reagent is immobilized on the substrate may 
prevent its active site from participating in a reaction. 
The present work has shown that despite these fac- 
tors the values of Ka and K, for reagents in solution 
are, in general, a good guide to the corresponding 
quantities for the immobilized reagents. 

An exception to this general observation can be 
seen in a comparison of the pK, values for the 
dissolved and immobilized reagents I, VI and VII. On 
immobilization, the pK, of VII is increased from its 
solution value much more than that of I or VI. A 
possible reason may lie in the fact that nitro- 
compounds are known to form complexes with com- 
pounds containing aromatic rings*’ and the ability of 
the nitro-group to act subsequently as an electron 
sink may be diminished. If one nitro-group in each 
compound were involved in complex formation with 
the polystyrene matrix (the others, where present, 
possibly being prevented from doing so for steric 
reasons) then the pK, values of I and VI should rise 
only slightly, as there are still spare nitro-groups to 
withdraw electrons from the phenoxy anion. How- 
ever, the pK, of VII should rise considerably as there 
is then no spare nitro-group. The lowest potassium 
concentration which the immobilized reagents I and 
VI would detect in a flow-cell was O.lM, and that 
detectable by VII was O.OlM, despite the fact that 
concentrations in the pg/ml range could be deter- 
mined in solution by the same reagents. This lack of 
sensitivity compares unfavourably with that reported 
for an immobilized reagent sensitive to alkali-metal 
ions.*’ However, the K+/Na+ selectivity ratios ob- 
tained in the present work (6.4-l 1.1) were about an 
order of magnitude higher than that of the other 
sensor. 

It can be seen from Table 1 that the binding 
coefficients to K+ and Na+ are very low for all the 
pH-independent chromogenic crown ethers tested, 
making determination of low concentrations of 
alkali-metal ions practically impossible with these 
reagents. The binding coefficients of II and III are 
lower than that of V, possibly because in the former 
the chromophores decrease the electron density at the 
binding sites, whereas in the latter case the electron 
density in the ring is augmented by a shift in electron 
density towards the quinone oxygen atom, making 
this site more attractive to cations. 

The binding coefficients (Kb) of the immobilized 
reagents may be readily obtained, whereas the calcu- 
lation of these values for the dissolved species re- 

quires a knowledge of the magnitude of the distribu- 
tion coefficients of the free ligands and their 
alkali-metal complexes, between chloroform and wa- 
ter. Nevertheless comparison of the Kb values for the 
immobilized pH-dependent reagents I, VI and VII 
(Table 2) with those for these reagents in solution 
(Table 1) shows that as a group the pH-dependent 
reagents are more efficient than are the pH- 
independent reagents at binding K+ and Na+. The 
higher Kb values for the pH-dependent compounds 
are presumably a consequence of the ligands being 
partially anionic before complexation, making them 
relatively attractive to cations. 

The binding coefficient of VII for K+ is higher than 
that of VI. This is to be expected since in VI there are 
two nitro-groups withdrawing electron density from 
the anionic phenoxy group, thus making the binding 
site less negatively charged than in VII, where there 
is only one electron-withdrawing nitro-group. 

The effect of proximity of negative charge to the 
binding site can be seen in a comparison of the 
binding coefficients of IV and VII. These reagents 
have the same chromophore but the anionic phenoxy 
group in VII is in the binding site, resulting in a 
higher Kb value than that for IV, where the anionic 
group is relatively remote. 

The anionic site in I is also remote from the binding 
site but the value of Kb is lower than that for IV. One 
of the reasons for this may be that in IV the anionic 
phenoxy group can approach the binding site from an 
axial direction, thus satisfying an additional co- 
ordination requirement of the cation. Molecular 
models suggest that the inter-annular methylene 
group shields the anionic site from the cation, but the 
value of Kb implies that this shielding is only partial. 

CONCLUSIONS 

The present work has shown the following. (a) The 
binding coefficients of the chromogenic crown ethers 
examined, towards K+ and Na+, increase with in- 
creasing negative charge in the cation-binding site 
and with increasing extent of chelation. This is 
reflected in the fact that the pH-dependent reagents 
bind alkali-metal ions in aqueous solution more 
strongly than do the analogous pH-independent re- 
agents having the same ring size. (6) Chromogenic 
crown ethers may be immobilized on Amberlite KAD 
2 resin and used to determine K+. The binding 
coefficients of the immobilized reagents and the char- 
acteristics of the optical fibre spectrophotometer used 
imply that KC may be determined in the concen- 
tration range O.Ol-1M. 
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Summary-Two methods for determining rg/g and rig/g levels of the noble metals, except for osmium, 
in ores, concentrates, mattes, and silicate and iron-formation rocks are described. After sample decom- 
position with hydrofluoric acid and aqua regia, followed by fusion of any insoluble residue with sodium 
peroxide, the noble metals are separated from the matrix elements by either cation-exchange or 
co-precipitation with tellurium. The resulting eluate, or the solution obtained after dissolution of the 
tellurium precipitate, is evaporated to dryness and the noble metals are ultimately determined in a 1M 
hydrochloric acid medium by graphite-furnace atomic-absorption spectrometry. The ion-exchange 
method is recommended for the determination of pg/g levels of gold, silver and platinum-group elements, 
whilst the tellurium co-precipitation method is recommended for rig/g levels of platinum-group elements. 
The latter method is not recommended for the determination of rig/g levels of silver and gold in rocks, 
because of interference from tellurium during atomization in the furnace. Results obtained by these 
methods for 15 international reference samples, including four Canadian iron-formation rocks, are 
compared with other published data. 

In recent years, an important requirement at the 
Geological Survey of Canada is the accurate 
determination of trace and ultra-trace amounts of 
the noble metals in ultramafic rocks, chromites, 
soils, waters, sediments and fir and spruce twigs 
for geochentical prospecting of adjacent and under- 
lying bedrocks. Although flame atomic-absorption 
spectrometric (AAS) methods for the determination 
of traces of these metals in meteorites, ores and 
concentrates have been developed previously by the 

author,14 the determination of ultra-trace amounts in 
most other samples requires a more sensitive tech- 
nique such as electrothermal AAS.* The present work 
was undertaken because of the recent acquisition of 
a graphite-furnace atomizer. 

Previous investigators have determined gold in 
rock&t0 and natural waters,L’-‘4 silver in rocks,‘5*‘6 
palladium in soils” and rocks,‘0-‘b20 platinum in 
soils,” rocks,10~15~16~18-21 and marine samples,22 rho- 
dium in r~kslO,16,I9*20 and iridium in rockslo and 
marine samples= by electrothermal AAS. However, 
most of these methods have been applied to the 
determination of only one, or at the most three of the 
precious metals, and the applicability of the others to 
all the noble metals has not been documented. Con- 
sequently, the suitability of graphite-furnace AAS for 

*Invited paper presented at 35th Canadian Spectros- 
copy Conference, 8-10 August 1988, Ottawa, Ontario. 
Government of Canada Copyrigbts reserved. Geo- 
logical Survey of Canada Contribution No. 36288. 

the determination of all these metals in the materials 
under consideration was investigated. 

In the proposed methods, the noble metals are 
separated from matrix elements either by cation- 
exchange or by co-precipitation with tellurium, 
depending on their concentration level, and, after 
evaporation to dryness of the eluate or the solution 
obtained after dissolution of the tellurium precipitate, 
they are ultimately determined by graphite-furnace 
atomic-absorption spectrometry (GFAAS) in a 1M 
hydrochloric acid medium. Except for osmium, the 
methods have been applied to the determination of 
most of the noble metals in 15 international reference 
materials. 

EXPERIMENTAL 

Apparatus 

A Varian model GTA-95 graphite-tube atom&r, 
equipped with a programmable sample dispenser and 
memory storage for 8 operating-parameter programmes, 
and coupled with a Varian AA-475 spectrometer and an 
Epson model MX-82 printer, was used for all atomic- 
absorption measurements. The hollow-cathode lamps, most 
sensitive resonance lines, lamp currents and spectral band 
widths used in this work are listed in Table 1. Byrolytically- 
coated graphite tubes and high-purity argon (99.999%) were 
employed and measurements were made in the peak-height 
mode, with IO-p1 aliquots of the sample solution for injec- 
tion and up to 10x scale expansion where necessary. An 
integration time of 1 set was used for setting zero absorb- 
ance on the spectrometer. The instrumental conditions for 
the dry, ash and atomization steps are given in Table 2. 

Ion-exchange colwnn. Prepare a Dowex SOW-XB cation- 

651 



652 J. G. SEN GUPTA 

Table 1. Instrumental parameters 

Varian 
hollow-cathode Spectral 

Wavelength, lamp current, bandwidth, 
Element nm mA nm 

Ru 349.9 8 0.2 
Rh 343.5 5 0.5 
Pd 244.8 5 0.2 
Ag 328.1 3 0.5 
OS 290.9 20 0.2 
Ir 208.9 10 0.2 
Pt 266.0 10 0.2 
Au 242.8 4 0.5 

exchange resin (5@100 mesh) column 26 cm long as de- 
scribed oreviou~lv.~~ Wash it with 3M hydrochloric acid 
until thl effluent is free of Fe(III), as indicated by the 
absence of a red colour with ammonium thiocyanate, then 
with demineralized water until the washings are neutral to 
litmus paper. 

Reagents 
Standard noble metal solutions (loo0 pgcglml). Prepare 

standard solutions of gold(III), platinum(IV) and pal- 
ladium(I1) by dissolving appropriate amounts of pure gold, 
platinum and palladium sponge in hot aqua regia, followed 
by the removal of nitrous oxides by repeated addition of 
concentrated hydrochloric acid and evaporation to a moist 
residue on a steam-bath. Dissolve the salts in IM hydro- 
chloric acid and dilute the solutions to a suitable volume 
with the same acid. Prepare a standard solution of silver by 
dissolving an appropriate amount of pure silver in dilute 
nitric acid, then evaporating the solution to dryness on a 
steam-bath, followed by dissolution of the salts in 1 M nitric 
acid and dilution to a suitable volume with the same acid. 
Prepare osmium(IV), ruthenium(III), rhodium(II1) and 
iridium(IV) solutions in 1 M hydrochloric acid, from ammo- 
nium salts of chlorosmate, aquochlororuthenite, chloro- 
rhodite and chloroiridate and standardize them by 
evaporating suitable aliquots to dryness in small porcelain 
crucibles, reducing the salts in a current of hydrogen at 600”, 
cooling in nitrogen and weighing the resulting metal. 

Just before use, prepare working solutions containing 
5-1000 ng/ml of the noble metals by appropriate dilution of 
the stock solutions with 1M hydrochloric acid. Dilute the 
silver solution with 1M nitric acid. Store the resulting 
solutions in plastic bottles. 

Table 2. Operating parameters for the determination of 
noble metals 

Argon 
Step Temperature, Time, gas flow, 

Element number “C set I./min 

Ru, Rh, 1 15 15 3 
Pd, Ag, 2 90 60 3 
Ir, Pt 3 120 10 3 
and Au 4 850. 10 3 

5t 1800% 10 3 

6 1800*$ 2 
7 27005 1.3 
8 27~ 2 $ 
9 2800 # 3 3 

‘500” for Ag; 1000” for Au. 
tStep omitted for Ag and Au. 
$1406” for Pd, Rh and Ru. 
$2000” for Ag; 2400” for Au; 2600” for Rh and Pd. 
TRead command initiated. 
# 2100” for Ag; 2500” for Au; 2700” for Rh and Pd. 

Tellurium solution, I mglml. Dissolve 0.5 g of pure 
tellurium powder in 50 ml of aqua regia, evaporate the 
solution to dryness, and convert into tellurium tetrachloride 
by three evaporations to dryness with lo-ml portions of 
concentrated hydrochloric acid. Dissolve the residue .in 2M 
hydrochloric acid, dilute the solution to 500 ml with the 
same acid, and store it in a plastic bottle. 

Stannous chloride solution, 40% w/v. Freshly prepare by 
dissolving 80 g of stannous chloride dihydrate by heating 
with 33 ml of concentrated hydrochloric acid, then diluting 
the solution to 200 ml with water; store in a plastic bottle. 

Sodium chloride solution, 2% w/v. 
Sodium hydroxide solution, 20% w/v. 
Hydrochloric acid wash solution, 1% v/v. 

Procedures 

Sample decomposition. Transfer an accurately weighed 
quantity (2 g for ores, concentrates and mattes; 5 g for 
silicate and iron-formation rocks) of the finely powdered 
and homogenized sample to a lOO- or 250-ml Teflon beaker 
(Note l), add 25 ml each of concentrated hydrofluoric acid 
and aqua regia, then stir the mixture with a Teflon rod. 
Cover the beaker with a Teflon cover, heat on a sand-bath 
for several hours, then remove the cover and evaporate the 
solution to dryness on the sand-bath. Cool, add 20 ml of 
concentrated nitric acid, break up any lumps with the Teflon 
rod, then evaporate the solution to dryness and repeat the 
process. Add 20 ml of aqua regia and 5 ml of 2% sodium 
chloride solution to the residue (Note 2). break up any 
lumps as described above, then cover the beaker and heat 
the solution on a steam-bath to dissolve the soluble salts 
(Note 3). Remove the cover, evaporate the solution to a 
moist residue on the sand-bath, then add 10 ml of concen- 
trated hydrochloric acid, evaporate the solution to a moist 
residue again and repeat the process to ensure the complete 
conversion of the noble metal salts into chlorides. Add 5 ml 
of concentrated hydrochloric acid and 50 ml of water to the 
residue, heat to dissolve the salts, then, if necessary, filter the 
solution (9-cm Whatman No. 40 filter paper) and wash the 
paper and residue thoroughly with hot 1M hydrochloric 
acid. Reserve the tiltrate. 

Transfer the paper to a 5-ml Coors porcelain crucible, 
bum off the paper at 450” and ignite the residue at 800 
for 30 min. Transfer the residue to a mortar, grind it 
thoroughly, then transfer it to a glassy-carbon crucible. Mix 
the residue thoroughly with 2 g of sodium peroxide, cover 
the crucible with a graphite cover, then place it on a triangle 
enclosed by a chimney and fuse the mixture by heating with 
a Mbker burner. Allow the melt to cool, dissolve the residue 
in hot concentrated hydrochloric acid and add the solution 
to the main solution. Transfer the resulting solution to a 
IOO-ml standard flask, dilute to volume with water, then 
transfer the solution to a plastic bottle. Run a blank through 
the whole procedure. 

Separation of the noble metals by ion-exchange. Transfer 
a 50-ml aliquot of the sample solution obtained as described 
above, to a 400-m] beaker (Note 4), dilute to _ 300 ml with 
water, then (using a pH-meter) adjust the pH to 1.5 f 0.3 
with 20% sodium hydroxide solution. Pass the resulting 
solution through the ion-exchange column at a rate of -2 
ml/min and collect the eluate in a I-litre plastic measuring 
cylinder. Wash the column with 250 ml of 1% hydrochloric 
acid wash solution, collecting the washings in the cylinder 
containing the ehtate. Transfer the ehrate plus washings into 
a 600~ml borosilicate beaker, rinsing the cylinder with 1% 
hydrochloric acid, add I ml of 2% sodium chloride solution 
and evaporate the solution to m 5 ml. Using small portions 
of 1M hydrochloric acid to wash the beaker, transfer the 
solution to a lO-ml beaker and evaporate it to a moist 
residue on a steam-bath. Add 0.5 ml of 1M hydrochloric 
acid, dissolve the salts by warming gently on a steam-bath, 
transfer the solution to a standard flask of appropriate size 
(1 or 2 ml), rinse the beaker with small portions of 1M 
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hydrochloric acid, then dilute to volume with the same acid 
and store the resulting solution in a 2-ml stoppered plastic 

aliquots of the sample solution with 1M hydrochloric acid. 

vial. 
From -5- to IOO-fold dilution may be required in some 
cases. 

Measure the peak-height absorbances for the noble 
metals in the sample solution, determined under the con- 
ditions described under “ADDaratUS” and in Tables 1 and 2 
(Note 5). Determine the concentration of each element by 
reference to the appropriate calibration graph plotted from 
peak-height values obtained concurrently for calibration 
solutions (Note 6). 

6. No correction is required for the reagent blank, 
because this is compensated for in the calibration curves by 
adding lo-r1 portions of the blank solution to each incre- 
ment of standard solution taken for calibration purposes. 

7. This separation procedure is not recommended for 
determination of silver. 

Separation of the noble metals .by co-precipitation with 
tellurium. Depending on the concentration of the noble 
metals (Note 7), pipette 50 ml, or more if required, of the 
sample solution prepared as described under “sample 
decomposition” to a 250-ml beaker (Note 4), add 5 ml of 
I-mg/ml tellurium solution and heat the solution to the 
boiling point. Add 40% stannous chloride solution drop- 
wise until a copious black precipitate is formed, then add 
10 ml in excess. Boil the solution vigorously for N 15 min or 
more until the precipitate coagulates and the supematant 
liquid becomes clear, then, using gentle suction and a I-litre 
Millipore vacuum filtration flask, filter the solution through 
a Millipore Type HA 0.45 pm filter disk. Transfer the 
precipitate quantitatively to the disk with a jet of 1M 
hydrochloric acid, then wash the precipitate thoroughly 
with the acid. Transfer the filter disk into a S-ml beaker, 
cover the beaker, add 3 ml of aqua regia and heat gently 
to dissolve the disk and precipitate. Remove the cover, add 
1 ml of 2% sodium chloride solution (Note 2), evaporate 
the solution to * 1 ml on a hot-plate, then evaporate it to 
dryness on a steam-bath. If any black residue remains, add 
3 ml of concentrated nitric acid, heat to destroy the residue, 
then evaporate the solution to dryness on a hot-plate. Add 
1 ml of aqua regia, cover with a watch glass and heat gently 
to dissolve the salts. Remove the cover, rinse its underside 
with water into the beaker and.evaporate the solution to 
dryness on the steam-bath. Add 2 ml of concentrated 
hydrochloric acid to the residue, evaporate the solution to 
dryness on a steam-bath, then repeat this step to ensure that 
all the salts are converted into chlorides. Dissolve the salts 
by heating on the steam-bath with 0.5 ml of 1M hydro- 
chloric acid, transfer the solution to a standard flask of 
appropriate size (1 or 2 ml), then proceed with the 
determination of noble metals as described above. 

RESULTS AND DISCUSSION 

Calibration graphs. For the determination of noble metals 
in the unknown sample solutions, prepare calibration 
graphs for each series by plotting the peak-height absorb- 
antes obtained for increasing amounts of each metal 
(volume of standard solution varied from 5 to 30 ~1, plus __ . __ 

Preliminary work (Table 3) showed that GFAAS 
finishes, using a pyrolyticallycoated graphite tube, 
are sufficiently sensitive for the determination of all 
the noble metals in most rocks and related materials 
if a suitable separation preconcentration step is em- 
ployed. Because these elements, except for osmium, 
can be conveniently separated by cation-exchange 
chromatography,2k26 after the removal of silica by 
volatilization as the fluoride and conversion of the 
fluorides into chlorides by repeated evaporations with 
aqua regia and hydrochloric acid, this separation 
procedure was investigated with four simulated 
sample solutions (equivalent to 1 g of actual sample) 
approximating the compositions of a CCRMP refer- 
ence ore, sulphide concentrate, nickel-copper matte 
and platiniferous black sand (viz. SU-la, PTC-1, 
PTM-1 and PTA-l, respectively). These solutions 
were prepared by mixing the required volumes of 
dilute hydrochloric acid solutions of iron, aluminium, 
magnesium, calcium, copper, nickel and cobalt and 
an aqueous solution of lead nitrate. Silica, sulphur 
and osmium were omitted because they are removed 
during the sample decomposition step. Table 4 shows 
that essentially complete recovery of the noble metals 
was obtained in these tests. Subsequent work with 
3-5 g of actual silicate rock samples, however, 
showed high results for platinum and iridium because 
of incomplete separation of elements such as ti- 
tanium, calcium, magnesium and strontium by the 
ion-exchangers used. Further work showed that up to 10 pl of the reagent blank solution, see Note 6). Use up 

to 10 ng/ml Ru, Rh or Pd and 100 ng/ml Pt or Ir for rock - 
samples, and up to 10 ng/ml Ag, 25 ng/ml Au, 50 ng/ml 5 g of these materials can be taken for analysis if the 

Rh, 100 ng/ml Ru, Pd or Ir and 1000 ng/ml Pt for mattes, 
ores and concentrates. 

1. Before use, the beakers should be cleaned thoroughly 
with a suitable detergent, followed by treatment with hot 
aqua regia and thorough washing with demineralized water. 
More than 2 g of sample should not be taken in one column 
if the ion-exchange separation is to be employed. 

2. The sodium chloride is added to form chloro- 
complexes of the noble metals and prevent possible loss by 
decomposition to free metal (especially gold and platinum) 
during the evaporation steps. 

3. In this work, samples such as CCRMP iron-formation 
rocks (see Table 7) yielded clear solutions at this stage. 

4. The sample solution should not be allowed to stand 
in a borosilicate beaker too long, as etching by any 
incompletely separated hydrofluoric acid will occur, re- 
sulting in the separation of silica at the bottom of the 
beaker. 

5. If dilution is necessary, particularly for the deter- 
mination of gold, silver and palladium, dilute suitable 

Table 3. Sensitivities found for the noble metals with 
pyrolytically-coated graphite tubes 

Sensitivity* 
Atomization 
temperature, Manufacturer’s 

Element “C This work value 

Ru 2700 
Rh 2600 
Pd 2600 
Ag 2000 
OS 2700 
Ir 2700 
Pt 2700 
Au 2400 

2.5 x lo-” at 2600” ; ; ;;I:: 

7 x IO-‘* 1.2 x IO-” at 2500” 
1 x 10-u 1 x 10-u 
1 x 10-s 

; ; ;;I:: 9 x 10-u 
3.7 x 10-u 4 x 10-u 

*Weight of the element in g which produces a change, 
compared with a pure solvent or blank, of 0.0044 in 
the absorbance. 
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Table 6. Determination of five platinum-group metals in Chinese and USGS reference rooks after preconcentration by 
co-precipitation with tellurimn (single determinationsl 

Noble metals found, rig/g 

RU Rh Pd Ir Pt 

This Other This Other This Other This Other This Other 
Sample work values work values work values work values work values 

DZE-1 10 IO? 1.8 0.6t 5 
DZE-2 20 9t 1.6 1.2t 5 

:: 3 :5 7 4t 
3 10 6t 

w-1 2.3 <400$ 1 < lOoO$ 11 14*32 2 0.26-2.38 12 14 14# f 
l2ll 

DTS-I 2.8 2.51 1 0.97 18 6.1 f 1.3’ 1 0.67 0.24% f 15 5.7 3.2f * 
lOf5b 

PCC-1 3 lo*21 2 lTX 18 6-13 # 3.2 4.8$.9$ 13 lo*:% 
3.2 * 0.4c 8# 

AGV-1 3 <4000$ 0.9 <5$ 3 0.92-2.5$ - - 1.2 ill 

*The first two samples are Chinese reference materials, the remainder are USGS reference rocks. 
tYJsab1e value” of Abbey.3z 
$Gladney er al.” 
§Ahmad et al.” 
TWsable value” of Abbey.3s 
# F1anagan.M 
‘Nadkami and Morrison.‘* 
bGilbert et al.” 
cHodge et aLz2 

noble metals are first separated from the matrix ruthenium, palladium and iridium in four CCRMP 
elements by co-precipitation with tellurium as used iron-formation rocks by this method agree well with 
previously,4 followed by dissolution of the precipitate those obtained recently in this laboratory by isotope- 
with aqua regia and the ultimate conversion of the dilution inductively-coupled plasma mass spec- 
salts into chlorides before GFAAS determination. trometry. 2* Results for rhodium and platinum in 

Applications 

Table 5 shows that the results obtained for the 
noble metals in the CCRMP reference materials, after 
separation by ion-exchange, are in most cases and 
where applicable in good agreement with those ob- 
tamed after separation by co-precipitation with tel- 
lurium. The results obtained by both methods are 
also in good agreement with the certified values or 
values given for information only and with those 
reported by other workers. The results obtained for 
the South African reference material, SARM-7, also 
agree well with earlier reported values. Table 6 
shows that the results obtained for ruthenium, rho- 
dium, palladium, iridium and platinum in the two 
Chinese reference materials and in the four United 
States Geological Survey rocks by the tellurium 
co-precipitation method are, in most cases, in reason- 
ably good agreement with other reported values. 
Table 7 also shows that the results obtained for 

rocks by that method cannot be obtained because 
rhodium is monoisotopic and an unidentified inter- 
ference effect causes high results for platinum. 

The proposed tellurium co-precipitation method 
cannot be employed for the determination of silver 
because tellurium is not completely volatilized at the 
low ashing temperature (500’) used for silver and 
consequently causes high results for it. The ion- 
exchange method is applicable to samples containing 
trace and ultra-trace amounts of silver, but not to 
those of high silver content such as PTM-1 (66 pg/g 
silver) because most of the silver is precipitated as the 
chloride during the sample decomposition, resulting 
in a low recovery as shown in Table 5. The tellurium 
co-precipitation method yields good results for gold 
at moderate levels (> 150 rig/g)) in ores, mattes and 
concentrates, because the tellurium concentration is 
low at the high dilution required (SO-100 fold) and 
a relatively high ashing temperature (1000”) is used 
for its GFAAS determination. However, it is not 

Table 7. Determination of five platinum-group metals in four Canadian iron-formation reference materials after 
co-precipitation with tellurium 

Noble metals found, rig/g 

Ru Rh Pd Ir Pt 

Sample GFAAS ICP-MSt GFAAS GFAAS* ICP-MST GFAAS ICP-MST GFAAS* 

FeR-1 12 9 1.7 3 1 8 5 <3 
FeR-2 9 8 0.6 2 2 3 5 18 
FeR-3 24 14 3.6 6 5 10 5 24 
FeR-4 4 4 0.6 3 4 4 3 <3 

*This work. 
tSen Gupta and Gregoire.% 
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applicable to silicate rock samples of low gold con- 
tent (< 10 rig/g)) because of the necessity of using the 
undiluted, or only slightly diluted, final sample sol- 
ution. Under those conditions tellurium interferes in 
the determination of gold. No interference from 
tellurium was observed for any of the other noble 
metals, because of the high pyrolysis temperatures 
(1400-1800”) used for their determination. 

Osmium was not included in the work because it is 
lost by volatilization as the tetroxide under the 
conditions recommended for sample decomposition. 
However, its determination by GFAAS is relatively 
sensitive and it could probably be readily determined 
in rocks and related materials by this technique if it 
was separated from the matrix elements by vol- 
atilizing the tetroxide with perchloric acid,2 and ab- 
sorbing it in a suitable reducing medium such as 
hydrobromic acid and then evaporating the solution 
to a small volume (OS-1 ml). 
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Summary-The depression of the signals for Ag, Bi, Cd, Sn, and Tl trace determination by ETA-AAS, 
which occurs in the presence of hydrobromic acid (with or without indium present), has been investigated 
by use of a new combined atomization equipment, molecular absorption measurements and thermody- 
namic calculations. The results show that all these elements form easily volatile bromides and more or 
less stable diatomic molecules of MBr type. These diatomic molecules, formed in the gaseous phase, are 
removed from the observation volume by diffusion, before their dissociation is complete. These two 
effects-formation of easily volatile compounds and stable diatomic molecules-are the main reasons for 
the depression of the atomic-absorption signals. 

Earlier,’ it was shown that the etching reagents used 
for surface and distribution analysis of InAs lead 
to depressed ETA-AAS signals for traces of Ag, Bi, 
Cd, Sn, Tl (cf: Fig. 1). If the L’vov platform is used, 
the intluence of hydrobromic acid on the silver 
determination is avoided, and on other elements is 
lowered. 

The atomic-absorption signals for Bi, Sn, and Tl 
completely disappear when traces of these metals are 
being determined in 0.2M hydrobromic acid contain- 
ing 5 mg/ml indium, but the signals for Ag and Cd 
are depressed by 10% and 60% respectively. In these 
cases the L’vov platform helps only a little. 

To explain these interferences, a combined atomiz- 
ation equipment (CAE) was developed and used in 
the present work. The equipment is shown in Fig. 2 
and was described in detail in earlier publications.2*3 
The special feature of this equipment is the indepen- 
dence of the volatilization and atomization steps. 
During the determination the temperature of the tube 
atomizer (T,,) is kept constant and the temperature 
(7”) of the rod carrying the sample (2 in Fig. 2) is 
enhanced as required, depending on the analytical 
problem and the sample. 

EXPERIMENTAL 

Apparatus 

A Saturn (USSR) atomic-absorption instrument was used 
with the CAE system. The following signals could be 
measured: (1) absorbance, peak height, peak area; (2) 
absorbance as a function of the evaporation temperature 
(TV). 

Procedure 

Liquid samples (1 ~1) containing trace and matrix el- 
ements are deposited on the bottom of the carbon rod (2 in 
Fig. 2). Such small volumes are used because they can be 

better localized, which is important for the following 
isothermal procedure. The sample is dried at low tempera- 
ture in a stream of argon and then the tube (1 in Fig. 2) is 
heated to 150&2000 K, depending on the element to be 
determined. The rod is then heated in the desired mamer by 
linear increase in the applied voltage as a function of time. 
The absorption is measured, for the same amounts of trace 
element, as a function of the volatilization temperature 
[A =f (TV)]. The amount of trace element was chosen so 
that the peak absorbance should be 0.2-0.3, and the signal 
was recorded slowly enough not to be influenced by the 
response time of the amplifier and recorder. 

Thermodynamic calculations 

The program Astra-3’” was used for the thermodynamic 
calculations of the equilibria in the gaseous and condensed 
phases. The program is based on a mathematical model 
applying the fundamental thermodynamic laws to a closed 
system. The program is written in FORTRAN-IV and can 
be used with the operation system ES EWM. 

The temperature range covered was 473-3073 K and the 
pressure was 1 atm. The composition of the system was 
considered in the following steps. 

(1) The mass of dry residue calculated from the volume 
deposited. 

(2) The mass of argon calculated from the inner volume of 
the atomizer. 

(3) The mass of oxygen calculated from the oxygen content 
of the “pure” argon used. 

(4) The mass of water calculated from the adsorption of 
water on graphite surfaces6 (but the water content of the 
argon was an order of magnitude higher than the 
declared value). 

(5) When nitrate was present, two calculations were made: 
(a) considering the carbon of the tube as a reagent; (b) 
without considering the carbon of the tube. 

(6) The mass of carbon was assumed to be three times the 
mass of the main component of the residue (there is in 
fact a large excess of carbon, considering the distribution 
of the sample on the surface and the porosity of graphite, 
but only a small part of it actually reacts with the sample 
material). 
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Fig. 1. Influence of the concentration of hydrobromic acid 
in presence of Id+ on trace element determination by 
ETA-AAS, normalized to the signal from O.lM HNO, 
medium. 1, 4 ng/ml Ag+; 2, 1 ng/ml Cd*+; 3, 200 rig/m 
Sn*+ ; 4, 100 ng/ml Bi’+ ; 5, 100 ng/ml Tl+. Volume 
deposited 20 ~1. 0 With L’vov platform; 0 without 

platform (tube atomization). 

RESULTS AND DISCUSSION 

Depression of the signals 

Figure 3 shows the shapes obtained for the AAS 
signals of different trace elements as a function of the 
volatilization temperature and the composition of the 
solution. In all cases the maximum of the signal is 
shifted to lower volatilization temperatures with in- 
creasing concentration of hydrobromic acid (curves 

The concentrations of hydrobromic acid used for 
curves 3 were about 5-10 times those for curves 2. 
Nevertheless, there are no differences between curves 

1, 2, 3), i.e. the volatilization from hydrobromic acid 

2 and 3 in the case of Bi and Tl and only small 

medium is easier than from pure aqueous solution 

differences in the cases of Ag and Cd. The concentra- 
tions of the hydrobromic acid used for these four 

(curve 1). 

elements studied were different, depending on the 

observed effects and chemical properties such as 
solubility and hydrolysis. 

The volatilization temperatures corresponding to 
the signal maximum are summarized in Table 1. 
Because there are only small differences between 
curves 2 (lower concentration of hydrobromic acid) 
and curves 3 (higher concentration of hydrobromic 
acid) (Fig. 3) only one value is given in Table 1 for 
the hydrobromic acid medium. 

The curves 4 in Fig. 3 and the values in Table 1 
show that except for Tl+ solution the presence of 
indium causes a further lowering of the volatilization 
temperature (TV). This difference is small, and is 
presumably due to the higher total bromide concen- 

From the results in Table 1 and Figs. 1 and 3 it is 
seen that the signal depression decreases as the 

tration resulting from the indium bromide left on the 

volatilization temperature increases, for Ag, Bi, Cd, 
and Tl. It is therefore concluded that the presence of 

carbon rod, but the main effect is the same for both 

hydrobromic acid leads to easily volatilized com- 
pounds which do not completely dissociate in the 

media, and due to the bromide derived from the 

gaseous phase. In the case of volatilization/atomiz- 
ation of silver in the CAE the peak area was meas- 

hydrobromic acid. 

ured as a function of the atomization temperature T,, 
(1200-1800 K). At T,, > 1400 K no difference was 
observed between the peak areas for silver in nitric 
acid medium or hydrobromic acid medium. At 
T,, < 1400 K the peak areas obtained for silver in 
hydrobromic acid medium were much lower than 
those for nitric acid medium. This means that silver 
in hydrobromic acid medium is evaporated as AgBr, 
which is only slightly dissociated at atomization 
temperatures lower than 1400 K. 

In the further investigation of the influence of 
indium on the signals obtained in hydrobromic acid 
medium, the molecular absorption in the gaseous 
phase in the HGA 74 was studied. In earlier work we 
had found7-9 that AgBr and TlBr molecules exist 
in the hot gases in graphite tubes. The absorption 
characteristics of these molecules are given in Table 2. 

3 

c Ar 

Fig. 2. Scheme of combined atomization equipment (CAE): 1, atomization tube, 2, carbon “beaker-rod”; 
3, rods for heating the beaker-rod; 4, thermocouple. 
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Fig. 3. Shapes of the AA signals for Ag, Bi, Cd, Tl volatilized in the CAE at a heating rate of 30 K/xc. 
TV, volatilization temperature measured at the beaker-rod. 

(a) 2.5 ng of Ag, Iz = 328.1 nm, T,, = 1650 K. 
1, AgNOJH20; 2, 0.005M HBr; 
3, 0.05M HBr; 4, 24 pg of InBr,/O.OSM HBr. 

(b) 50 ng of Bi, L = 306.8 nm, 7’, = 1700 K. 
1, Bi(NQ),/H,Q 2, 0.5M HBr; 
3, 3.2M HBr; 4, 120 Pg of InBrJ3.2M HBr. 

(c) 2 ng of Cd, L = 228.8 nm, T,, = 1550 K. 
1, Cd(NO,),/H,Q 2, 0.02M HBr; 
3, O.lM HBr; 4, 24 pg of InBr,/O.lM HBr. 

(d) 42 ng of Tl, I = 276.8 nm, Tat = 1525 K. 
1, TlNO,/H,O; 2, 0.002M HBr; 
3, 0.015M HBr; 4, 24 pg of InBr,/O.OlSM HBr. 

Solutions for curves 2-4 contain the same amount of metal as the solution for curve 1. 

In both cases these molecules could be used for 
determination of small amounts of bromide, the 
detection limits for bromide in presence of an excess 
of metal being 150 ng for AgBr molecular absorption 
and 50 ng for TlBr molecular absorption. 

From these results it could be assumed that 
molecules also play an important role in the depres- 
sion of atomic-absorption signals by hydrobromic 
acid and bromides. Figure 4 shows the results ob- 
tained for the molecular absorption of AgBr in the 
gaseous phase. 

The molecular absorption was measured by using 
a vanadium hollow-cathode lamp as light-source. 
Figure 4 shows the strong influence of indium on the 
formation of AgBr molecules, which can again be 
explained as due to the higher concentration of 
Br-containing species in the gaseous phase in com- 
parison to that when a purely hydrobromic acid 
medium is used, and caused by the “trapping” or 
“holding” effect for bromide by In”+ in the ashing 
phase. When L’vov platforms are used with hydro- 
bromic acid medium, the AgBr molecular absorption 

Table 1. Evaporation temperatures (T,) of the CAE at the 
AA signal maximum of different trace elements, in depen- 

dence on the medium Table 2. Characterization of molecular absorption of AgBr 
and TlBr 

Evaporation temperature, Tmc_,, K c 
Dissociation Wavelength 

Hz0 HBr InBr,/HBr energy, of band-head, 

AnNO, 1400 1050 950 
Molecule eV Transition nm 

Bir(NO;), 1330 600 480 AgBr 3.2 B(O+) - x*x$ 318.4 
Cd(NO, )z 1050 650 620 TlBr 3.4 AVI#)+-x*x$ 342.9 
TlNO2 550/1300* 550 550 TlBr 3.4 C-X’ Et 266.8 

*There are two maxima in Fig. 3. 
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Fig. 4. Dependence of AgBr molecular absorption 
(A = 318.4 nm) on atomization temperature (HGA 74). l 
Tube atomization; 0 platform atomization. 1,600 ng of Ag 
in 0.2M HBr containing 20 pg of In’+ ; 2,600 ng of Ag in 

0.2M HBr. Volume deposited 20 pcl; TaI = 600”. 

is decreased because of better dissociation, whether 
indium is present (curve 1) or not (curve 2). This 
agrees with the results shown in Fig. 1. 

The appearance times (r& of the atomic-absorp- 
tion signals for Ag (Ag-AA) and the molecular 
absorption signal for AgBr (AgBr-MA) are given in 
Table 3. In both cases (atomization with and without 
the platform) the appearance time (which is propor- 
tional to the appearance temperature I”,,) is lower 
for the AgBr-MA signal than the Ag-AA signal. This 
means that the analyte is volatilized as AgBr, and 
before its removal by diffusion under gas-stop con- 
ditions it is dissociated to Ag and Br. Therefore little 
or no interference is caused by the hydrobromic acid 
medium (cJ Fig. 1 and earlier work’). 

For confirmation of this assumption the Ag-AA 
was measured in the HGA-74 as a function of the gas 
regime. The results are shown in Fig. 5. With use of 
platform atomization and gas-stop no interference 
by hydrobromic acid is observed, and only a small 
interference is seen for tube atomization under gas- 
stop conditions. For both atomization procedures the 
gas-flow depresses the Ag-AA signal for hydrobromic 
acid medium (curves 2 of Fig. 5) more strongly than 
for nitric acid medium. 

From this result it can be concluded that the 
depression of the Ag-AA signal is caused by AgBr 
molecule formation. With gas-flow conditions the 
evaporated AgBr molecules are removed before they 
can dissociate. Additionally, it can be assumed that 
the temperature of the gas phase is a little lower under 
gas-flow than under gas-stop conditions. 

Table 3. Appearance times &,J of Ag-AA and AgBr-MA 
in the atomization phase (AgNO, in 0.2M HBr; Tti SOO’C) 

Appearance times (t.,), set 

Wavelength, Wall Tube 
Species nm atomization atomization 

Ag 328.1 3 5 
AgBr 318.4 1.5 2.5 

0.3 0.6 1.2 2.4 

CHBr / M 

Fig. 5. Effect of concentration of hydrobromic acid on 
Ag-AA as a function of atomization mode (HGA 74). 1, 
Atomization with gas-stop conditions, 0.08 ng of Ag; 2, 
atomization without gas-stop, 0.4 ng of Ag; 0 wall atomiza- 
tion; l platform atomization; 100% A = signal for Ag in 

O.lM HNOr. 

Thermodynamic calculations 

The results of the calculations are shown in Figs. 
6-l 1. The results in Figs. 6-8 for Cd, Sn, and Tl show 
that in the presence of indium the dissociation of the 
bromides of all three elements is depressed at all 
temperatures, even at high atomization temperatures. 
This is due to the higher concentration of bromine 
in the gas phase, formed by decomposition of the 
volatilized InBr, . 

For comparison, the mass relations of some species 
were calculated for nitric acid solutions. The results 
are shown in Figs. 9-l 1. In these figures the strong 
influence of carbon on the degree of atomization can 
be observed [I$ a (with consideration of carbon) and 
b (without carbon)]. A particularly large difference is 
observed for tin. It is also evident that in the presence 
of carbon, indium metal or indium nitrate has no 
influence on the degree of atomization for cadmium 
and thallium. Complete atomization is achieved at 
600” and 1200” for Cd and Tl respectively. These 
temperatures are similar to the boiling points (Cd 
765” and Tl 1460”) of these elements. In the case of 
tin, indium functions only as a carrier, because 100% 
atomization is achieved at 1400” and the boiling point 
of tin is 2260”. 

Table 4 gives the dissociation energies of the 
diatomic bromide molecules considered. The dis- 
sociation energy of CdBr is the lowest. Nevertheless, 
we assume that this molecule can be formed in an 
excess of bromide, by analogy with our earlier results 
for Zn-AA and Cd-AA signal depression in the 
presence of gallium and indium in hydrochloric acid 
medium. I0 

Of course, the actual conditions in the tube may be 
different from the equilibrium conditions, and the 
calculated results presented here may give only an 
approximation to the real composition of the gaseous 
phase. 
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80 

60 

Fig. 6, Calculated composition of Cd and ‘In species in the solid and gas phases as a function of 
temperature (s = solid, g = gas) in presence of HBr and InBr, respectively. (a) Starting composition (mass 
ratios) Ar:H,O:O,:CdBr,:C = 12: 10m3:5 x iOe5: 10e4:3. (b) Starting composition (mass ratios), 

Ar:H,O:O,InBr,:CdBr,:C= 12:10b3:5 x 10-‘:1:10-4:3. 

100 

80 

200 600 1000 1400 1600 2200 2600 3000 

200 800 1000 1400 1800 2200 2600 3000 

Tt’CI 

Fig. 7. Calculated wmposition of Sn and In species in the solid and gas phases as a function of ~rn~ra~~ 
in presence of HBr and InBr, respectively. (a) Starting composition (mass ratios) Ar : H,O: Oz : SnBr,: C = 
12: IO-“:5 x lo-“:5 x IO-). (b) Starting composition (mass ratios), Ar:H,0:0,1nBr3:SnBr,:C = 

12:10-3:5x lo-‘:1:5 x lo-3:3. 
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1 (a) 

I I 

2600 3000 

(b) 
IW- 

60- 
/ 

TlBr 
60-(s) 

Fig. 8. Calculated composition of Tl and In species in the solid and gas phases as a function of temperature 
in presence of HBr and InBr, respectively. (a) Starting composition (mass ratios) Ar : H,O : 0, : TlBr : C = 
12: 10-3:5 x 10es: lo-‘:3. (b) Starting composition (mass ratios), Ar:H20:0,:InBr,:T1Br:C = 

12:10-‘:5 x lo-5:1:10-3:3. 

(a) 

In (01, Cd lg) 

z 200 600 1000 1400 1600 2200 2600 

% 
3 

(b) 
100 

t 

60 
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200 600 1000 1400 1600 2200 2600 

T t°C1 

Fig. 9. Calculated composition of Cd and In species in the solid and gas phases as a function of 
temperature in presence of In(NO,), , taking the effect of carbon into account. (a) Starting composition 
(mass ratios) Ar:H,O:In(NO,),:CdO:C = 12: lo-):5 x 10-5: 1: lo-‘:3. (b) Starting composition (mass 

ratios), Ar:H,O:In(NOr)r:CdO = 12: lo-r:5 x 10-5: 1: lo-‘. 
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Fig. 10. Calculated composition of Sn and In species in the solid and gas phases as a function of 
temperature in presence of In(NO,),, taking the effect of carbon into account. (a) Starting composition 
(massratios)Ar:H,0:O~:In(N0,),:Sn0,:C=12:10-1:5x 10-5:1:10-~.(b)Startingcomposition(mass 

ratios), Ar:H,O:O,:In(NO,),:SnO,= 12:10-‘:5 x lo? 1:10e3. 
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Fig. 11. Calculated composition of Tl and In species in the solid and gas phases as a function of 
temperature in presence of In(NO,),, taking the effect of carbon into account. (a) Starting composition. 
(mass ratios) Ar:H,O:O~:In(NO,),:TlNO,:C = 12: lo-‘:5 x lo-‘: 1: 10e3:3. (b) Starting composition 

(mass ratios), Ar:H,O:O,In(NO,),:TlNO,= 12:10-‘:5 x 10-s:1:10-3. 
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Table 4. Dissociation energy of some 
diatomic molecules 

Dissociation energy, 
Molecule eV 

CdBr 1.6 
SnBr 2.6 
TlBr 3.4 
AgBr 3.2 
BiBr 2.9 
InBr 4.2 

In spite of these problems, it can be concluded from 
the thermodynamic calculations that the strong de- 
pression of the AA signals of some trace metals in 
presence of Ir?+/HBr is caused by the formation of 
InBr,, its volatilization and partial decomposition to 
In and Br in the gaseous phase, where there will be 
a high concentration of Br. The equilibrium 

M + Br,,, = MBr 

is shifted to the right. 

CONCLUSION 

Summarizing all the experimental and calculated 
results, it can be concluded that the influence of 
hydrobromic acid on the AA signals of Ag, Cd, Bi, 
Sn and Tl consists in the formation of easily 
volatilized compounds-the metal bromides-which 
do not dissociate fully in the analytical zone of the 
tube. In the presence of It?+ and hydrobromic acid 

the same mechanism is operative but the dissociation 
of the molecules is further depressed in the presence 
of indium bromide because the concentration of 
the bromine in the gaseous phase is much higher 
and the formation/dissociation equilibria for the di- 
atomic metal bromide molecules are shifted towards 
formation. 
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DETERMINATION OF VANADIUM(V) AND 
MOLYBDENUM(V1) BY MEANS OF A 

LANDOLT REACTION 

CAI QIHUA*, Gu Bo and ZHANG YUYONG 
Department of Chemistry, Liaoning Normal University, Dalian, Liaoning, People’s Republic of China 

(Received 19 July 1988. Revised 14 October 1988. Accepted 11 December 1988) 

Summary-The determination of vanadium(V) and molybdenum(W) by a Landolt-type reaction with 
bromate, iodide and ascorbic acid is reported. For the determination of vanadium(V) the molybdenum(V1) 
is masked with citrate-citric acid buffer, which also controls the pH. Molybdenum(V1) is determined in 
the presence of thiourea as masking agent for vanadium(V). 

Landolt-type reactions are useful in quantitative 
catalytic analysis. id Several slow reactions have been 
transfonned into Landolt types, and the reaction 
time, defined as the time elapsed from mixing of the 
solutions to occurrence of the Landolt effect, can 
easily be measured. Transformation into a Landolt 
process has been achieved by use of ascorbic acid 
for determination of vanadium(V) and molyb- 
denurn(VI) We have found that this reaction can 
be made selective for vanadium(V) by masking 
molybdenum(V1) with citric acid, and for molyb- 
denum(V1) by masking vanadium(V) with thiourea. 

and the concentrations of iodide and hydrogen ion 
remain constant as long as ascorbic acid is present, 
and equation (3) is reduced to 

-d[BrOyl/dt = k,[BrO,l+ k$[BrO,][M] (5) 

where 

k uD = k[I-][H+P and kh = kMII-][H+]. 

The rate equation can be integrated with respect 
to the time elapsed from mixing the reagents 
(t = 0; [BrO; ] = [BrO;b) to the end of the induction 
period (t =t; [BrO, I= Pfi, lo - $3-W&), 
which leads to the expression 

THEORY 

The indicator reaction used 

BrO; + 91- + 6H++Br- + 31; + 3H20 (1) 

and the rate of consumption of bromate is given by 

-d[BrO;]/dl = k[BrO;][I-][H+]’ (2) 

where k is the rate constant of the uncatalysed 
reaction. 

l/r = k, 

[B% lo 
In Pfi, b - i[G Welo 

+ K&f1 
. [Bro,b (6) 

Both vanadium(V) and molybdenum(V1) catalyse 
this reaction, and the rate law becomesI 

-d[BrO;]/dr = ~[BIO,][I-][H+]~ 

+hPrO:lII-IWIIMI (3) 

where ku is the rate constant for the catalysed 
reaction and [M] is the vanadium(V) or molyb- 
denum(V1) concentration. To achieve the Landolt 
process, a reducing agent is added to the reaction 
mixture and the &i-iodide is immediately converted 
back into iodide. When ascorbic acid is used as the 
reductant, the reaction is 

I; + C6HBOs = 31- + 2H+ + C6Hs0, (4) 

ln [BrO, j-,, - f[C,H,O& 

A plot of the reciprocal of the reaction time us. 
catalyst concentration gives a straight line that can be 
used as a calibration graph. 

EXPERIMENTAL 

Apparatus 
An LB801 thermostat, Liaoning Thermostat Factory, 

China, and a pHS-2 pHmeter, Shanghai 2nd Analytical 
Instruments Factory, China, were used. 

Reagents 
All the chemicals used were of analytical reagent Erade 

and all water used was demineralized. The stock solutions 
used were 1% starch solution, IM potassium nitrate, O.lM 
potassium iodide, 0. IA4 ascorbic acid, 0. 1M thiourea, 0.2M 
citrate buffer (pH 2.5), 0.25.44 potassium bromate, standard 
molybdenum(W) solution (MO 1000 &ml) and standard 
vanadium(V) solution (V 1000 &ml). These were diluted as 
required. 

Procedures 

*Author to whom requests for reprints should be Determination of oanaahun(V). To a SO-ml standard flask 
addressed. containing 5 ml of 1 x IOm2M potassium iodide, add 5 ml 

665 
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Table 1. Results for the kinetics of the bromate+iodide Landolt reaction 

lG~I%$, WI, D-f~l, yg31, 4, k 
mM mm 10’ l.mole-‘.min-’ 

0.50 1.0 25 
0.50 0.5 20 
0.50 1.0 20 10 
0.10 0.5 15 10 
0.30 0.8 IO 20 
0.10 0.4 18 5 
0.30 0.5 10 25 
0.20 0.8 15 10 
0.20 0.8 15 15 
0.60 1.0 20 15 

19.43 3.44 
10.95 3.82 
12.01 3.49 
8.94 3.45 

16.20 3.91 
13.38 3.86 
23.12 3.47 
10.43 3.56 
7.15 3.46 
9.07 3.70 

Average = 3.62 

of citrate buffer solution, 2 ml of 1 x lo-‘A4 ascorbic acid, 
5 ml of 1M potassium nitrate, a known volume of standard 
vanadium(V) solution, a few drops of starch solution, bring 
to 25.0 f 0.1” in a thermostat and dilute to the mark with 
water at the same temperature. Transfer the solution to a 
beaker in the thermostat, add 2 ml of 0.25M potassium 
bromate (and mix) and simultaneously start a stopwatch. 
Stop the watch when the blue colour appears, and note the 
time. 

Determination of molybdenum(W). Use the same pro- 
cedure as for vanadium(V), but with 3 ml of 2M sulphuric 
acid instead of the citrate buffer, 1 ml of 1 x IO-*M thiourea 
instead of the ascorbic acid, and molybdenum solution 
instead of vanadium solution. 

RESULTS AND DISCUSSION 

Kinetics of the bromate-iodide Landolt reaction 
To verify the reaction order of the bromat&odide 

Landolt reaction, two solutions were prepared, one 
containing potassium iodide, ascorbic acid and 
nitric acid, the other containing potassium bromate, 
potassium nitrate and nitric acid, with starch as 
indicator. The time elapsed between mixing the two 
solutions and the appearance of the blue colour was 
noted. The concentrations of each reactant were 
systematically varied and all measurements were made 
with solutions kept at 25”. The values in Table 1 are 
averages of three measurements. The average of 
3.62 x 10’ l.mole-‘.min-’ for all values of k,, is in 
reasonable agreement with the literature value of 
5.25 x lO’l.mole-‘.min-‘. 

Kinetics of the bromate-iodide reaction in the presence 
of molyb&num(VI) and vanadium(V) 

To evaluate the rate constant for the bromate- 
iodide reaction in the presence of molybdenum(W) or 
vanadium(V), we repeated the experiments described 
in the previous section. A fixed amount of 
molybdenum or vanadium was added to the oxidizing 
solution and each solution was diluted to 25 ml. The 
two solutions were mixed in the presence of varying 
amounts of water; the reaction times, given in Table 2, 
are the averages of three measurements. The rate 
constants of these reactions were obtained at the 
different dilutions by using equation (4): 

A similar set of experiments yielded kv = 1.66 x 10’ 
l.mole-‘.min-‘. 

Influence of foreign ions on the &termination of 
vanadium(V) 

The bromate-iodide reaction is also catalysed 
by other ions, which could cause interference in the 
determination of vanadium. To study the influence of 
interfering ions, we used an acetate buffer (pH = 2.5) 
as medium. The results are given in Table 3. Each 
time shown is the average of three determinations and 
t, refers to the time for the reference 5 pg/52 ml 
vanadium solution. The tlnn, tw and tlo values refer to 
the times for 100, 50 and 10 pg/52 ml levels of 
interfering ion. 

From Table 3 it can be seen that the greatest inter- 
ference is caused by Mo(VI), Cu(II), Fe(II1) and 

Table 2. Results for the kinetics of the bromat&odide reaction in the presence 
of molybdenum(W) 

Final 
HP, volume (V), Dilution k MO> 

ml ml (n = V/SO) nL IO6 I.mole-‘.min-’ 

0.0 50.0 1 .oo 8.70 1.33 
2.0 52.0 1.04 9.72 1.34 
4.0 54.0 1.08 11.08 1.31 
6.0 56.0 1.12 12.35 1.32 
8.0 58.0 1.16 13.45 1.35 

10.0 60.0 1.20 15.18 1.32 
12.0 62.0 1.24 16.93 1.30 
14.0 64.0 1.28 18.35 1.32 
16.0 66.0 1.32 20.18 1.31 
18.0 68.0 1.36 21.98 1.32 
20.0 70.0 1.40 24.05 1.32 

Averaae = 1.32 
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Table 3. Interference of other metal ions in the vanadium(V) catalysis of 
the bromate-iodide reaction (to = 2.17 min) 

Interfering flm, k0, ‘IO, Interfering ‘loo 9 
ion min min min ion min 

MoWI) 1.33 1.58 1.88 Sn(IV) 2.18 
Cu(I1) 1.37 1.65 1.89 Al(II1) 2.13 
Fe(II1) 1.60 1.73 1.92 Mn(I1) 2.16 
Fe(I1) 1.62 1.84 1.98 Bi(II1) 2.13 
WW 2.15 2.13 2.13 WIV) 2.11 
Cr(V1) 2.10 2.14 2.11 Ni(I1) 2.18 
Cr(II1) 2.19 2.13 2.14 Mg(II) 2.17 
Co(I1) 2.03 2.03 2.10 Ca(I1) 2.19 

Table 4. Masking effect of citrate on interfering ions 

V(V) 
Ml52 

‘0, 
min 

‘IO, 
min 

MO(W) 

‘1, , 
min 

‘50, 
min 

‘IO, 
min 

Fe(II1) 

‘2s 3 
min 

‘509 
min 

0 5.80 5.59 5.60 5.57 5.54 5.61 5.54 
5 1.57 1.58 1.58 1.54 1.57 1.55 1.41 

10 0.98 0.98 0.97 0.95 0.98 0.99 0.96 

t “1 
min 

‘IO, 
min 

Cu(I1) 

‘2s 1 
min 

‘%I, 
min 

‘IO. 
min 

Fe(I1) 

‘25 3 
min 

‘501 
min 

0 5.80 5.61 5.58 5.56 5.62 5.68 5.10 
5 1.57 1.59 1.57 1.56 1.60 1.62 1.54 

10 0.98 0.94 0.96 0.91 0.96 0.97 0.92 

Table 5. Selection of a masking agent for 
the determination of molybdenum(V1) 

‘0, ‘IO 1 
Masking agent min min 

N,H,.H,SO, 5.18 0.95 

Nar W3 5.32 0.98 
SnCl, 5.50 1.03 

(NH,),CS 5.30 5.27 

Table 6. Masking effect of thiourea in the 
determination of molybdenum(V1) 

‘0. ‘lo0 1 ‘930, 
Species min min min 

V(v) 1.60 1.59 1.60 
Cu(II) 1.60 1.58 1.59 

FeWI) 1.60 1.58 1.58 

Fe(I1). To eliminate this, it is necessary to use a ligand 
which will form stable complexes with these ions, but 
not with vanadium(V). Replacing the acetate buffer by 
citrate buffer serves the purpose. Table 4 shows that 
the citrate ion effectively masks the four ions and 
slightly activates the vanadium(V) catalyst. 

Elimination of interferences in the determination of 
molyb&num(VI) 

V(V), Cu(II), Fe(I1) and Fe(II1) interfere with the 
determination of molybdenum(V1). To eliminate the 
effect of these ions, the ascorbic acid must be replaced 
by a masking or reducing agent that will produce the 
Landolt effect. Table 5 shows the various substances 
tried and why we selected thiourea as the masking 
agent in the determination of molybdenum(W). 

In all subsequent experiments suitable amounts of 
thiourea were used to mask interfering ions. Table 6 
shows the effectiveness of thiourea in eliminating 
interference from V(V), Cu(II), and Fe(II1) in 
the determination of molybdenum(V1). Each time 
shown is the average of three determinations, for 
the 25 pg/52 ml molybdenum(V1) catalyst solution. 

Calibration graphs 

The calibration plots of the reciprocal of the 
induction period vs. concentration of vanadium(V) 
and molybdenum(W) were linear. The regression 
equations were to/t = (1.013 f 0.0034) + (0.4489 f 
0.0007)M and to/t = (1.0020 + 0.0035) + (0.0426 f 
O.O007)[Mo]. 

Table 7. Determination of V(V) and Mo(V1) added to artificial sea-water 

V(V), pg/52 ml, added 2.00 4.00 6.00 7.08 8.00 9.00 
V(V), pgg/52 ml, found 1.85 3.70 6.20 7.00 8.30 9.20 
Recovery, % 92 93 103 100 104 102 

Average recovery 99% 
Mo(VI), pgg/52 ml, added 70 100 150 200 300 
MO(W), pgg/52 ml, found 72.50 101 151 198 298 
Recovery, % 104 101 101 99 99 

Average recovery 101% 

10.00 
9.80 

98 
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Applications 

The applicability of the method for determination 
of vanadium(V) and molybdenum(V) was tested 
by adding both to artificial sea-water. The results 
compiled in Table 7 demonstrate the method’s 
usefulness. 
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SHORT COMMUNICATIONS 

INDIRECT DETERMINATION OF IODATE BY 
ATOMIC-ABSORPTION SPECTROPHO’TOMETRY 

DEBASIS CHAKI~ABORTY and ARABINDA K. DAS* 
Department of Chemistry, University of Burdwan, Burdwan-713104, India 

(Received 27 January 1988. Revised 4 July 1988. Accepted 15 January 1989) 

Summary-An indirect method for determination of trace iodate in certain high-purity chemicals by 
atomic-absorption spectrophotometry (MS) is described. Iodate forms a stable ion-association complex 
[Hg(dipy),J(IO,), in neutral medium, which can be extracted into methyl isobutyl ketone with 99% 
efficiency. The extract can be analysed for mercury (and hence indirectly for iodate) by flameless AAS. 
The limit of detection for iodate by this method is 7.5 ng. Apparent recove#es of 92-112% have been 
obtained for spikes of 0.25-0.70 /le of iodate. 

The usual methods for determination of iodate 
include spectrophotometric,‘” kinetic,“i2 spectro- 
fluorometric,” and liquid chromatography*4 
procedures. A possible method for the indirect 
determination of iodate by atomic-absorption 
spectrophotometry (AAS) has been described by 
Kirkbright and Johnson, Is but lacks specificity and is 
only useful when no other oxidizing species are 
present. 

In this paper, a rapid, sensitive and simple 
flameless AAS method for the indirect determination 
of iodate is proposed. In neutral solution, iodate and 
mercury(I1) forms a stable ion-association complex 
with 2,2’-bipyridyl (bipy) extractable into methyl 
isobutyl ketone (MIBK). The mercury(I1) (and hence 
iodate) in the extract can be determined accurately by 
flameless AAS after stripping with 4A4 nitric acid. 
The method is highly sensitive and convenient and 
can be used for routine determination of iodate in 
certain high-purity chemicals. 

EXPERIMENTAL 

Reagents 
Mercury(H) standard solution, (5.00 mg/ml). Prepared by 

dissolving Hg(NO,), . H,O in doubly distilled water con- 
taining 1 ml of 2M nitric acid per 100 ml, and diluted further 
with doubly distilled water as required. 

Iodate standard solution (500 pgglml). Prepared by dis- 
solving potassium iodate in doubly distilled water, and 
diluted further as required. 

2,2’-BipyridyQbipy) solution, 0.06 g per 100 ml of water. 

Instrumentation 
A Shimadzu model 646 atomic-absorption spectro- 

photometer with MVU-IA mercury analyser, was used 
under the following conditions: mercury hollow-cathode 
lamp current 6 mA, wavelength 253.7 nm, band-width 
0.38 nm. 

Procedure 
One ml of 10 pg/ml Hg*+ solution, 0.5 ml of 0.06% bipy 

solution, 1.0 ml of sample solution, 0.5 ml of O.lM 
citrate-O.2M phosphate buffer solution @H 7.0) and 5 ml 
of MIBK were added to a separatory funnel in that order. 
The mixture was shaken for 1 min and let stand for 2 min 
to allow the phases to separate. The aqueous phase was 
discarded and the organic phase was washed with 2 ml of 
doubly distilled water. The washings were discarded and the 
organic phase was treated with 5 ml of 4M nitric acid. The 
concentration of H2+ was determined by flameless AAS 
after addition of 20 ml of 1M sulphuric acid, 20 ml of 
doubly distilled water and 2 ml of 10% stannous chloride 
solution. A reagent blank was prepared similarly. 

RESULTS AND DISCUSSION 

Optimization 

The pH of the solution strongly affects the for- 
mation and extraction of the ion-association com- 
plex. The percentage of extraction is constant and 
maximal over the pH-range 6.95-7.05. Seven solvent 
systems were investigated, viz. iso-amyl acetate 
(37.2%), I-butanol (45.6%), benzene (71.6%), ethyl 
acetate (SS.OO/), n-butyl acetate (85.9%), chloroform 
(94.0%) and MIBK (99.8%), the degree of extrac- 
tion being shown in parenthesis. MIBK is the 
most efficient. Increasing the concentration of 
2,2’-bipyridyl in the aqueous phase increases the 
degree of extraction, but the net extraction remains 
practically constant with 0.4-1.0 ml of 0.06% bipy 
solution, so a volume of 0.5 ml is recommended. The 
absorbance of the blank solution remains unaffected 
by the addition of bipy to the aqueous phase. The 
shaking for 1 min is sufficient for complete extraction 
and the phase separation takes about 2 min. 

Effect of foreign ions 

The determination of 1 pg of iodate is possible 
(within f2%) in the presence of various ions, such 
as Br- (2.50 mg); NO;, NO;, citrate (1.00 mg each); 
BrO; (500 pg); acetate (450 pg); PO:-, oxalate 

669 



670 SHORT COhUdUNICATTONS 

Table 1. Determination of iodate in various samples 

10, reported*, 10, found?, 
Samule lUlla, It UEllcK) It 

1 NaNO,, G.R.; S.M. (Baroda) 25 28 
2 NaNO,, A.R.; Basynth (Calcutta) 50 55 
3 KNO,, A.R.; Basynth (Calcutta) 50 63 
4 KNO,, A.R.; BDH (Bombay) 50 50 
5 KI, A.R.; Glaxo (Bombay) 200 207 
6 KI, G.R.; Merck (Bombay) 200 201 

+Guaranti maximum content, as on the label. 
tAverage of 5 determinations. 

(400 pg each); AsO:- (350 c(g); SO;- (325 rg); WO:- 
(310 pug); Fe3+, Cd*+, Cl-, VO, (300 fig each); A13+ 
(280 pg); Zn*+(250 pg); SCN-, SO:-, I- in presence 
of Cu*+, tartrate, Pb*+, Ba*+, Mn*+, MOO:- (200 pg 
each); Co*+ (170 pg); UOi+, Ni*+ Cu*+, F- (150 fig 
each); S,q-, S*- (100 pg each); Ag+ (80 pg); EDTA 

(50 rg). 
To show the selectivity of the proposed method 

in the presence of more than one foreign ion in the 
trace amounts stated on the labels of the bottles of 
NaNO,, KNO, and KI, studies on synthetic mixtures 
were made. The method was tested for IO; (1 pg) 
in the following mixtures: I, Fe3+ (150 rg) + 
Ba*+ (200 pg) + UO$+ (150 pg); II, MoOi- 
(150 pg) + Co*+ (150 pg) + Zn*+ (400 pg); III, Cu*+ 
(150 pg)+ I- (150 j@+CH,COO- (450 pg); IV, 
s*- (100 rg) + so:- (400 /4g) + PO:- (300 pg); v, 
SCN- (150 rg) + WO:- (200 pg) + AsO:- (270 pg); 
VI, Br- (300 pg) + NO; (110 pg) + VO; (200 fig); 
VII, Cl- (250 j& + C,O:- (250 c(g) + SO:- (150 pg); 
VIII, $O$- (100 pg) + Mn*+ (160 pg) + BrO; 
(500 pg), and found satisfactory. 

Composition of the complex 

To find the molar ratio of IO; to Hg*+ in the 
complex formed under the experimental conditions, 
the procedure was applied to a series of solutions with 
tied IO; concentration and increasing mercury con- 
centration. The mole ratio was found to be 1.9, 
in reasonable agreement with the expected value 
of 2. Therefore, the species extracted is presumably 

[Hg(bipy)i+ IW; 12. 

Analytical figures of merit 

The calibration graph was linear up to 1.18 pg of 

iodate and the limit of detectionI was 7.5 ng. The 
characteristic mass corresponding to 0.0044 ab- 
sorbance was 10.5 ng. The method was found to be 
more sensitive than the earlier methods.3*4*G’2 The 
relative standard deviation for 10 determinations of 
1 .O p g of iodate was 2.4% and that for 15 deter- 
minations of 1.1 pg of iodate in the sample of G.R. 
NaNO, from S.M. (Baroda) was 6%. 

Applications 

The method was applied to the determination of 
IO; in different salts of high purity, e.g., NaNO,, 
KNO, and KI (Table 1). 

Samples of NaNO, and KNO,. Each of the samples 
was dried in an oven at 50” then placed in a desic- 
cator, and 100 g of the dried sample were recrystallized 
from 50 ml of water by heating and cooling. The 
more soluble NaI03 or KI03 was retained in the 
mother liquor. A stock solution (50 ml) was made 
from the mother liquor by dilution with doubly 
distilled water. Iodate was determined in 1 .O ml of the 
stock solution by the recommended procedure. 

Samples of KI. The samples were dried as above 
and 25-g portions were dissolved in doubly distilled 
water, and the solutions were diluted to volume in 
100~ml standard flasks. Aliquots (1.0 ml) were anal- 
ysed. To each aliquot 35 ml of 0.05M silver nitrate 
were added, followed by 5 ml of 2M ammonia 
solution. The silver iodide was filtered off. The 
filtrates from five aliquots were combined (if 5 ml of 
the solution were used there would be risk of loss of 
iodate by adsorption on the large amount of silver 
iodide formed). The combined solution (-200 ml) 
was evaporated to a little less than 10 ml, and 
accurately diluted to 10 ml with doubly distilled 

Table 2. Recovery of IO; from various samples 

Sample 
IO, added, IO, found, Recovery, 

Icg Pg % 

1 NaNO,, G.R.; SM. (Baroda) 0 0.21 - 
0.25 0.44 92 
0.50 0.77 112 

3 KNO,, A.R.; Basynth (Calcutta) 0 0.26 - 
0.30 0.55 97 
0.60 0.88 103 

5 KI, A.R.; Glaxo (Bombay) 0 0.24 - 
0.40 0.62 95 
0.70 0.91 98 
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water. The iodate in 1.0 ml of this solution was 
determined. 

Recovery 

Apparent recoveries of 92-l 12% were obtained for 
the determination of iodate in samples spiked with 
0.25-0.70 pg of iodate (Table 2) to each of the 
following sample solutions. For sample No. 1,4.0 ml 
of stock solution were diluted to 10 ml and a l.O-ml 
aliquot of this solution was taken for recovery stud- 
ies. For sample No. 3, 2.0 ml of stock solution were 
diluted to 10 ml and a l.O-ml aliquot of the solution 
was taken for recovery studies. For sample No. 5, 
1.0 ml of the final lo-ml solution was used directly 
for recovery studies. 
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URANIUM-SENSITIVE ELECTRODES BASED ON THE 
URANIUM-DI(OCTYLPHENYL)PHOSPHATE COMPLEX 
AS SENSOR AND ALKYL PHOSPHATE AS MEDIATOR 

IN A PVC MATRIX MEMBRANE 

N. S. NA,WORY 
Iraqi Atomic Energy Commission, P.O. Box 765, Tuwaitha, Baghdad, Iraq 

(Received 15 February 1988. Revised 12 December 1988. Accepted 7 January 1989) 

Summary--The properties of uranium-sensitive electrodes based on membranes containing uranium 
di-(4octylphenyl)phosphate as sensor have been determined, in presence of different phosphates as 
mediators. The electrode prepared from tritolyl phosphate as mediator was found to give a response of 
30 mV/decade over a range of uranium concentration. Interference by Sr2+, Ba*+, Ca*+ and F- was also 
studied, by the mixed solution method. Fluoride interferes severely, by complexation of the UO]+ ion. 

Organophosphates have been widely used as liquid 
ion-exchangers for making calcium ion-selective 
electrodes. Among these the calcium bis- 
dialkylphosphate systems have been superseded by 
calcium bis-di-[(4_octyl)phenyl] phosphate, used in 
conjunction with dioctylphenyl phosphate’-’ or with 
certain trialkyl phosphates (usually tripentyl or tri- 
octyl phosphate).4 Calcium bis-di[4-( 1,1,3,3-tetra- 
methylbutyl)phenyl]phosphate has also led to 
improvement in the usable pH range and selectivity 
of these electrodes.~‘0 

Serebrennikova et al.” found that addition of 
tributyl phosphate improved the performance of a 
di-(2-ethylhexyl)phosphate uranium sensitive elec- 
trode, and Luo et al. I* found that a mixture of 
tributyl phosphate, tri-n-octylphenyl oxide and so- 
dium tetraphenylborate in a PVC membrane also 
gave good selectivity for uranium. Manning et al.” 
examined several combinations of organophosphorus 
compounds as sensors and found six that have near- 
Nernstian response slope; these were based on di-(2- 
ethylhexyl)phosphoric acid (DEHPA). Dietrich14 also 
reported that the uranyl complex with DEHPA could 
be used to make a uranium-sensitive PVC electrode. 
Various other reports on organophosphorus com- 
pounds as bases for uranium-sensitive electrodes have 
appeared. ‘%I’ Osipov et al. Is found that uranium- 
sensitive electrodes respond to UO:+ only at pH < 5. 

Feng19 prepared a uranyl sensor based on an 
ion-association complex of Ethyl Violet, uranyl ion 
and benzoic acid. Senkyr et al.*’ used synthetic 
neutral carriers to make a series of UO:+-selective 
sensors. 

In this work di-[4-(n-octyl)phenyl]phosphoric 
acid and di-[4-(l) 1,3,3-tetramethylbutyl)phenyl]phos- 
phoric acid were synthesized in our laboratory, 
converted into their uranium complexes and incorpo- 
rated in PVC membranes. The response character- 

istics of these electrodes were determined, including 
response behaviour, pH effects, detection limits and 
interference by Sr2+, Ca*+, Ba2+ and F-. 

EXPERIMENTAL 

Synthesis of sensors and uranyl complexes 
Di-[4+octyl)phenyl]phosphoric acid was synthesized 

according to the procedure given by Thomas et al.*’ Di-[4- 
(1,1,3,3-tetramethylbutyl)phenyl]phosphoric acid, also 
known as di-[(iso-octyl)phenyl]phosphoric acid, was syn- 
thesized analogously. The products were characterized by 
NMR, infrared and elemental analysis. The 1:2 
uranyl-ligand complexes were prepared by slow addition of 
warm ethanolic solution of the substituted phosphoric acid 
to a warm ethanolic solution of uranyl nitrate. A gummy 
precipitate was obtained, which was washed three times with 
acetone and then dried to yield a yellow powder. For 
di-[(n-octyl)phosphoric acid (m.p. 93-96’) analysis gave 
70.5% C. 9.2% H: reauired: 70.9% C. 9.1% H: for di-Kiso- 
octyl)phdnyl]phosphoXc acid (m.p. 92-94”) analysis gave 
71.1% C, 9.1% H. For the uranyl complexes analysis gave 
52.3% C, 6.9% H for the n-octyl complex and 52.5% C and 
6.6% H for the iso-octyl complex (theory requires 51.2% C, 
and 6.8% H). 

Membrane preparation 
The methods of membrane preparation and electrode 

construction were similar to those used by Craggs et al.” 
The master membranes contained 0.36 g of the solvent 
mediator plus appropriate amounts (up to 0.036 g) of sensor 
in 0.17 g of PVC. 

Reagents 
Uranium stock solution, 0.1 M, was prepared from uranyl 

chloride and other standards ranging from 10e6 to IO-‘M 
were prepared by serial diluticn of the stock solution. All 
solutions were prepared with doubly distilled demineralized 
water and analytical grade materials. 

Determination of uranyl-ion response 

An Orion microprocessor model 901 Ionalyxer was used 
with an Orion double-junction reference model 90-02. The 
uranyl ion activities were calculated by using the following 
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Table 1. Specific parameters of uranyl-selective electrodes based on di-(cctylphenyl)phosphoric acid and 
different phosphate mediators, in PVC membranes 

Solvent Slope, Corm. Detection Effective 
Membrane* mediator mV/&ca& co&. limit, M concn. range, M 

: 
Tritolyl phosphate 30.0 0.9999 3.0 x 10-e lo-‘-lo-r 
Triamyl phosphate 18.0 0.9992 3.1 x lO-6 5 x 10-3-5 x lO-5 

III Tributyl phosphate 13.5 0.9960 3.2 x lO-5 10-‘-S x 10-s 
IV Di-(2cthylhexyl) phosphate 21.0 0.9800 2.9 x lo-’ 10-Q x 10-S 

L 
Tritolyl phosphate 30.0 0.9999 2.9 x lO-6 lo-‘-lo-’ 
Triamyl phosphate 29.0 0.9960 3.1 x 10-b 5 x IO-3-10-S 

VII Tributyl phosphate 20.0 0.9806 3.3 x 10-S 10-2-10-4 
VIII Di-(2-ethylhexyl) phosphate 26.0 0.9940 2.5 x 10-S lo-‘-lo-’ 

*Membranes I-IV were based on uranyl his-{di-[4-(n-octyl)phenyl]phosphate} as sensor. Membranes V-VIII 
were based on uranyl his-{di-[4-( 1,1,3,3-tetramethylbutyl)phenyl]phosphate] as sensor. Static response 
times were 2 min for O.lM U(W) and 5 min for 10esA4 U(W). 

puo:+ 
Fig. 1. Plot of electrode potential us. uranyl activity for 
a membrane based on di-4-(a-octylphenyl)phoaphoric acid 
as a sensor. (0) Membrane III; (0) membrane II; (0) 

membrane nT; (0) membrane I. 

r 

6 3 4 3 2 1 

puo:+ 

Fig. 2. Plot of electrode potential cs. uranyl activity 
for a membrane based on di4(1,1,3,3-tetramethylbutyl- 
phenyl)phosphoric acid as a sensor. (0) Membrane VI, (0) 

membrane V, (0) membrane VII; (0) membrane VIII. 

form of the DebytHiickel equation,23 at 25”: RE!XJLTS AND DISCUSSION 

logf- -As 
i 

J;; --0.2/l 
I+& > 

where c -$z2, c being the concentration of each ion of 
charge z, and A is a constant equal to 0.115 at 25’ for 
aqueous solution. 

General details of the various electrodes made are 
shown in Table 1. Calibration plots were prepared 
after the membrane had been soaked for 48 hr in 
O.lM uranyl chloride. Good results were obtained 

12% 

I I I I I 

1 2 3 4 

PH 

Fig. 3. Effect of pH on potential response of uranyl elec- 
trode based on membrane V. 

60 

s 
40 

E 20 

.z 

iw2: 

; -40 

i-60 

-60 

I I I I I I I 
6 5 4 3 2 1 
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Fig. 4. Interference effect of a constant strontium ion 
concentrations on the response of a uranyl electrode (mem- 
brane V). (0) Calibration curve; (x) 5 x 1tiM Srr+; (0) 

5 x 103M Srr+; (A) 5 x 102M Sti+. 
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Table 2. Selectivity coefficients for the PVC uranyl-selective electrode 

m&,s for various interferents, B2+ 
[Interfering 

Membrane ion], M Ca2+ sti+ Ba2+ 

5 x 10-r 5.3 x 10-Z 6.5 x lo-’ 2.6 x 1O-2 
I 5 x lo-’ 5.3 x 1o-2 1.5 x 13-l 1.6 x lo-’ 

5 x 10-4 9.0 x 1o-2 4.6 x 1O-2 8.3 x lo-’ 

5 x lo-* 1.2 x 10-Z 1.0 x 10-r 3.9 x IO-’ 
V 5 x lo-’ 1.6 x IO-’ 2.2 x 10-j 5.0 x IO-’ 

5 x 10-d 2.0 x 1o-2 1.0 x 10-2 1.6 x 1O-2 

6 5 4 3 2 1 

puo;+ 

Fig. 5. Effect of fluoride ion concentration on a uranyl 
electrode based on membrane V. (0) Calibration curve; (0) 
5 x 10-2M F-; (0) 5 x lo-‘M F-; (0) 5 x lo-‘M F-. 

with the membranes made with tritolyl phosphate as 
solvent mediator (membranes I and V), which gave a 
slope of about 30 mV/decade and a correlation 
coefficient close to unity. Figures 1 and 2 show the 
calibration curves obtained with uranyl electrodes 
based on di-[4-(n-octyl)phenyl]phosphotic acid and 
di - [4 - (1,1,3,3 - tetramethylbutyl)phenyl]phosphoric 
acid with various solvent mediators. Membranes VI 
and VIII gave nearly Nernstian slope and linear 
response over 2.5 decades. The response time of all 
the electrodes to O.lM uranyl chloride was about 2 
min and to lo-‘M about 15 min. 

3. J. RiiZiEka, E. H. Hanson and J. C. Tjell, Anal. Chim. 
Acta, 1973, 67, 155. 

4. H. M. Brown, J. P. Pemberton and J. D. Owen, ibid., 
1976, 85, 261. 

5. L. Keil, G. J. Moody and J. D. R. Thomas, ibid., 1978, 
96, 171. 

6. G. J. Moody, N. S. Nassory and J. D. R. Thomas, 
Analyst, 1978, 103, 68. 

The effect of pH on the PVC uranium-electrode 
response at fixed chloride activity is shown in Fig. 3 
for the electrode based on membrane V at uranium 
levels of lo-* and lo-‘M. The sharp increase in 
electrode potential at low pH (< 3.5) may be attrib- 
uted to the interference caused by hydrogen ion. On 
the other hand, precipitate formation was observed at 
higher pH (z-3.9, which led to a decrease in the 
activity of U02 *+, This behaviour may be due to the 
formation of UO*(OH)+ and/or UO,(OH), com- 
plexes. Also, at higher pH the hydroxide ion inter- 
feres and reacts with the uranium in the complex 
inside the membrane, causing a poisoning of the 
electrodes. 

7. Idem, Talanta, 1979, 26, 873. 
8. Idem, Proc. Anal. Div. Chem. Sot., 1979, 16, 32. 
9. A. Craggs, G. J. Moody, J. D. R. Thomas and B. J. 

Birch, Analyst, 1980, 105, 426. 
10. A. J. Frend, G. J. Moody, J. D. R. Thomas and B. J. 

Birch, ibid., 1983, 108, 1072. 
11. N. V. Serebrennikova, I. I. Kukushkina and N. V. 

Plotnikova, Zh. Analit. Khim., 1983, 37, 645. 
12. C. S. Luo, F. C. Chang and Y. C. Yeh, Anal. Gem., 

1982, 54, 2333. 
13. D. L. Manning, J. R. Stokely and D. W. Magouyrk, 

ibid., 1974, 46, 1116. 
14. D. C. Dietrich, Technical Progress Rept, Y 1174 

D:V: 12, Development Division, August-October, 1971. 
15. V. A. Mikhailov. V. V. Osiwv and N. N. Sere- 

The selectivity coefficients of uranyl-selective elec- 
trodes based on di-[4-(octyl)phenyl]phosphoric acid 
as sensor and tritolyl phosphate as mediator were 
determined with respect to Ca’+, S13+, Ba*+ and F- 
by the mixed-solution method.23*24 The results are 
given in Table 2. 

16. 

17. 

18. 

19. 
20. 

21. 

22. 

23. 

24. 

Three different concentrations of interfering ion 
were used (5 x lo-*, 5 x lo-’ and 5 x lo-‘M), and 
the selectivity coefficients found indicated that the 
electrode is fairly selective to UO:+. Figure 4 shows 
the interference of strontium with the electrode based 
on membrane V. The degree of interference decreases 
in the order Sti+ > Ca2+ > Ba*+. 

Figure 5 shows the effect of fluoride (5 x 10e2, 
5 x lo-’ and 5 x 10m4M) on the calibration curve for 
membrane V; fluoride obviously interferes severely. 
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EXTRACTION AND MICRO-DETERMINATION OF 
MANGANESE(I1) WITH OXINE AND ALIQUAT 336 
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Summary-A sensitive and selective method has been developed for the micro-determination of Mn(II) 
by the selective extraction of the yellow Mn(II)-8-hydroxyquinolinate complex with a liquid ion- 
exchanger, Aliquat 336, from basic medium. The molar absorptivity of the complex is 2.2 x 
lO’l.mole-i.cm-’ at 420 nm and the colour system obeys Beer’s law in the range 0.1-3.5 ppm Mn(II) 
in the final solution. The composition and stability of the complex are discussed. Potential interferents 
have been examined and the method is applied to analysis of standard steel and bronze samples. 

Liquid ion-exchangers are extensively used for pre- 
concentration, separation and recovery of metal 
ions.‘-’ Their superior extracting ability has opened a 
new vista for industrial chemical separations, includ- 
ing the removal of toxic metal ions and the recovery 
of costly chemicals.q-8 The extraction of a col- 
oured metal ion species with a liquid ion-exchanger 
can enhance the sensitivity of a determination 
considerably.“” 

Very little work has been reported on the ex- 
traction of manganese with liquid ion-exchangers, 
however, and has mainly been concerned with thio- 
cyanate”-” or EDTA14 complexes. The yellow com- 
plex formed between Mn(I1) and Shydroxyquinoline 
(oxine)” has been found to be extracted instanta- 
neously by the liquid anion-exchanger Aliquat 336, 
with considerable enhancement in selectivity and 
sensitivity. The addition of a small amount of hy- 
droxylamine hydrochloride to prevent the oxidation 
of Mn(I1) to Mn(II1) helps to improve the sensitivity 
and selectivity of the extraction. 

EXPERIMENTAL 

Reagents 

All chemicals used were BDH AnalaR or Merck Guaran- 
teed Reagent grade unless otherwise specified. A 0.1% 
solution of oxine was prepared in ethanol, and a 0.5% 
solution of hydroxylamine hydrochloride in water. A stock 
solution of Mn(I1) was prepared by dissolving the requisite 
amount of MnSO,.4HiO_in doubly distilled water, and 
standardized with EDTA.i6 The solution was diluted as 
required. 

The liquid ion-exchangers Amberlite LA-1 (N-do- 
decyltrialkyhnethylamine) (Rohm & Haas), Aliquat 336 
(tricaprylmethylammonium chloride) (Fluka) and tri- 
octylamine (Fluka), dissolved in suitable diluents in varying 
proportions, were used for extractions. 

Procedure 
A sample solution containing 5-100 pg of manganese was 

taken in a 60-ml separating funnel and 5 ml of 0.5% 
hydroxylamine hydrochloride solution were added, fol- 

*To whom correspondence should be addressed. 

lowed by enough ammonia solution to give an ammonia 
concentration of l-2M in a total volume of 15 ml of 
aqueous phase, and finally by 1.5-2 ml of 0.1% solution of 
oxine in ethanol. After mixing, the solution was kept for 5 
min for complete cokmr formation and was then shaken 
with 15 ml of 2% solution of Aliquat 336 in toluene for 
about 2 min. The phases were allowed to separate, then the 
organic extract was collected, dried over anhydrous sodium 
sulphate and transferred into a 25-ml standard flask. To 
ensure complete recovery, the extraction was repeated with 
5 ml of Aliquat 336 solution, and the sodium sulphate was 
washed with toluene. The combined extracts and washings 
were diluted to the mark with toluene. The absorbance was 
measured at 420 nm against a reagent blank. 

RESULTS AND DISCUSSION 

The Mn(II)-oxinate complex is yellow, with a 
sharp absorption maximum at 420 nm. The blank 
does not absorb appreciably at this wavelength. The 
addition of hydroxylamine hydrochloride prevents 
the oxidation of Mn(I1) to Mn(II1). Both Mn(II) and 
Mn(II1) form a complex with oxine but the molar 
absorptivity of the Mn(II) complex is about 70% 
higher. The change in stoichiometry and nature of the 
complexation is clear from the spectral shift [J._ = 
420 nm for Mn(II), 400nm for Mn(III)] and other 
spectral characteristics. The presence of hydroxyl- 
amine hydrochloride not only enhances the sensi- 
tivity but also increases the selectivity by keeping 
various other metal ions in their lower oxidation 
states. The extraction of the complex into the liquid 
anion-exchanger, Aliquat 336, shows the anionic 
nature of the complex. The Aliquat 336 increases the 
stability of the extracted species. An added advantage 
of this method is the wide range of the optimum 

Choice of base 

The complex formation is most favoured in ammo- 
nia solution. It is also possible in sodium or potas- 
sium hydroxide medium but there is then interference 
due to precipitation of certain metal hydroxides, 
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which is prevented in most cases by ammine for- 
mation in ammoniacal medium. The extraction is 
quantitative at pH 9 and remains constant with 
ammonia concentrations up to 3M, then decreases at 
higher ammonia concentrations. The range l-2M 
ammonia is recommended. 

Eflect of reagent concentrations 

It was found that l-2 ml of 0.1% solution of oxine 
in ethanol was adequate for quantitative extraction of 
Mn(I1). Although the absorbance of the complex is 
not affected by use of excess of the reagent, a large 
excess is not advisable because it increases the blank 
absorbance somewhat. The colour formation is 
rather slow in the presence of hydroxylamine hydro- 
chloride, so the mixture is allowed to stand for 5 min 
to ensure complete colour formation. 

The extraction was quantitative and constant with 
l-S% Aliquat 336 solution in toluene, and a 2% 
solution is recommended. 

Choice of organic solvent 

Mn(I1) was extracted with 2 and 4% Aliquat 336 
solution in various solvents, with 1: 1 phase volume 
ratio. The extraction was complete and quantitative 
with toluene (Table 1) and a clear separation was 
obtained. 

Choice of liquid anion -exchangers 

Three extractants were tested, with three solvents 
(Table 2). Aliquat 336 in toluene was found to be the 
best, It gave quantitative extraction with 2 min of 
shaking, and the extract was stable for several days. 

A study of the effect of the phase-volume ratio 
showed that the extraction was quantitative from 
aqueous phase volumes as large as 500 ml. 

Optical properties 

The Mn(I1) oxinate system obeys Beer’s law from 
0.1 to 3.5 ppm Mn(I1) at 420 nm and the optimum 
range (Bingbom plot) is 0.2-3 ppm. The molar 
absorptivity is 2.2 x lo4 l.mole-‘.cm-’ at 420 nm. 
The molar absorptivity of the complex formed in the 
absence of hydroxylamine hydrochloride is 1.28 x lo4 
l.mole-l.cm-L at 400 nm. 

Table 1. Effect of various diluents on the extraction 
(%) of Mn(II) with Aliquat 336 

Aliquat 336 
concentration 

Diluent 2% 4% 

Toluene 99.9 99.9 
Benzene 98.0 98.0 
Xylene 88.7 89.0 
Carbon tetrachloride 83.5 85.2 
Hexane 79.0 81.0 
Chloroform 55.5 62.0 
Isobutyl methyl ketone 48.8 51.5 

Table 2. E&t of different liquid anion-exchangers on the 
extraction of Mn(II) 

Liquid Extraction 
anion-exchanger Diluent % 

Aliquat 336 (2%) Toluene 99.9 
Xylene 88.7 
Chloroform 55.5 

Amberlite LA-l (2%) Toluene 90.1 
Xylene 18.5 
Chloroform 58.0 

Trioctylamine (2%) Toluene 89.6 
Xylene 72.3 
Chloroform 45.8 

Composition and stability constant 

The composition of the extracted species was stud- 
ied by means of a log-log plot of the distribution 
coefficient of the complex vs. ligand concentration,” 
for extractions with a fixed amount of manganese and 
(i) a constant amount of Aliquat 336 and varied 
concentration of oxine and (ii) a constant amount of 
oxine and varied concentration of Aliquat 336. The 
plots gave straight lines with slopes of(i) 1.8 and (ii) 
1, which indicates that the composition of the com- 
plex is Mn:oxine:Aliquat 336 = 1:2: 1. 

The most probable composition of the complex in 
the aqueous phase is [Mn(OH)(Ox),]-. The for- 
mation of such mixed oxinate-hydroxide complexes 
in basic solutions has been demonstrated’5~‘8 in the 
case of Fe(III), Tl(III), V(V) etc. The anionic complex 

Table 3. Effect of foreign ions: Mn(Il.) taken = 17.58/pg 
per 25 ml 

Tolerance 
Foreign limit, 

ion AddedaS mg 

Ag+ AgNO, 10* 
Al”+ AKNOa), 
As’+ As203 2: 
Ba2+ BaCl, 20 
Be2+ BeSO, 25 
Ca2+ Ca(NOr )2 
Cd2+ CdSO, ::* 

:z+ 
CoCl, 10* 

cu:’ 
CrCl, 
cuso, ;* 

Hg2+ HgCl, 30 
Mti+ MgSO, 
Mo6+ ~~i)6Mo,O, :: 
Ni2+ 
Pb2+ W&)2 

20’ 
w 

Sb’+ KSbOC4H406+HH,0 5 
Sn2+ SnCl, 10 
Sn4+ SnCl, 20 
Sti2+ SrCI, 15 
Ti4+ TiO, 10 
TF+ TlCl, 10 
U6+ U02(CH,C00)2 10 
V’+ NH,VO, 10 
W6+ Na, WO, 30 
Zn2+ ZnSO, 5 
Zp+ WNQ), 20 

*Masked with NaCN. 
IMasked with KI. 
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is extracted with the liquid anion-exchanger cation 
(R,N+) as counter-ion: [R4w1+ [Mn(OH)(Ox),]“‘. 

The stability constant found for the mixed complex 
by a spectrophotometric methodI was 2.86 x 10’. 

Effct of foreign ions 

Mn(I1) was extracted and separated in the presence 
of various ions (Table 3). The tolerance limit was set 
as the amount of foreign ion causing a change of 
f0.02 in the absorbance for Mn(I1). The use of 
hydroxylamine hydrochloride during the extraction 
to prevent oxidation of Mn(I1) to Mn(II1) also helps 
to improve the selectivity by reducing some of the 
interfering metals to a lower oxidation state. Simi- 
larly, the use of excess of ammonia prevents precip 
itation of the hydroxides of those metals which form 
ammine complexes. 

Moderate amounts of most cations and anions 
were tolerated. Common anions such as nitrate, 
chloride, sulphate, acetate, carbonate, thiocyanate, 
iodide, thiosulphate etc. do not interfere even at very 
high concentrations, whereas fluoride and cyanide 
show some interference when more than 5 mg is 
present. The interference caused by Cu’+, Ni2+, Co2+ 
and Ag+ can be masked with 5 ml of a 0.2% solution 
of sodium cyanide. A 0.5% potassium iodide solution 
can be used to mask Cd2+ and Pb2+. The serious 
interference of Fe)+ can be overcome by a single 
preliminary extraction of Fe3+ from 6M hydrochloric 
acid with an equal volume of diethy ether. Vanadate 
interferes owing its reduction to V3+ by hydroxyl- 
amine hydrochloride and consequent formation of 
the yellow V3+-oxinate complex. This can be easily 
eliminated by the extraction of the vanadium(V)- 
oxinate complex at pH 3 with chloroform before the 
extraction of Mn(I1). 

The interfering ions Fe3+, C!02+ and Cu2+ can also 
be separated simultaneously from Mn(I1) by anion- 
exchange on Dowex 5OW x 8 from 6M hydrochloric 
acid. The Fe3+, Co2+ and Cu*+ chloro-complexes are 
retained on the resin. The effluent which contains the 
Mn(I1) is evaporated to dryness and the residue is 
taken up and made alkaline for estimation. This 
method of separation should be useful in deter- 
mination of Mn(I1) in alloys in which one or more of 
these metals can occur as major component(s). 

Determination of manganese in stamiard samples 

An accurately weighed amount of sample was 
digested with aqua regia, and the solution was evap- 
orated almost to dryness. The cooled residue was 
dissolved in 6M hydr~hlo~c acid and diluted to a 
standard volume with this acid. An aliquot of this 
solution was placed on a column of Dowex 50W x 8 
(conditioned with 6A4 hydrochloric acid) and washed 
through with this acid. The effluent was evaporated 
almost to dryness and analysed for Mn(I1) by the 
proposed method. The average of five analyses of 
NBS 14 C steel gave 0.450% Mn (certified value 
0.455-0.470%). The standard deviation was 0.003%. 
For NBS 164 manganese bronze, the average was 
4.65% Mn (certified value 4.65-4.72%) and the 
standard deviation was 0.01%. 

Ackno~fedge~nt~e of the authors (S.K.M.) is in- 
debted to the U.G.C., New Delhi, for awarding a research 
associateship. 
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Summary-A reversed-phase high-performance liquid chromatographic method for the determination of 
six common analgesics @henyltoloxamine dihydrogen citrate, salicylamide, caffeine, paracctamol, codeine 
phosphate and phenacetin) is presented. The method is specific for detection and determination of each 
of these compounds in a complex mixture, without pretreatment. A lo-pm C,, silica gel stationary phase 
is used with a methanol-acetonitrilc-water-tetrahydrofuran mixture (20:20: 55: 5 v/v) and spectro- 
photometric detection at 254 nm. All six components are eluted within 7 min. The method has given good 
results for three commercial products containing two, three and five active ingredients respectively. 
Phenacetin, a common analgesic which might be found in other formulations, is used as an internal 
standard. 

The commercially available pain relievers usually 
contain two, three or five of the common analgesics 
(salicylamide, phenacetin, paracetamol, codeine, 
phenyltoloxamine) together with central nervous 
system stimulants, e.g., caffeine.’ 

The determination of these ingredients in a single 
sample is difficult. Various gas-liquid chromat- 
ography (GLC) methods2‘4 and high performance 
liquid chromatography (HPLC) methodss‘” have 
been proposed for the purpose, but generally have 
various limitations, such as requiring special 
columns5s7 or mobile phases,@ or deal with only two 
or three componentsg-” or need special instrumen- 
tation for changing the sensitivity and detector wave- 
length during an assay.’ 

The purpose of the present investigation was to 
develop a rapid and simple HPLC method for 
phenyltoloxamine, salicylamide, caffeine, para- 
cetamol, codeine and phenacetin without use of 
acidic mobile phases, and with use of fixed detector 
sensitivity and wavelength. 

EXPERIMENTAL 

Reagents 

Pharmaceutical grade phenyltoloxamine dihydrogen ci- 
trate, salicylamide, caffeine, paracctamol, codeine phos- 
phate and phenacetin were used as working standards. 

Methanol, acetonitrile and tetrahydrofuran were HPLC 
grade (Merck). The mobile phase was a methanol- 
acetonitrile-water-tetrahydrofuran mixture (20 : 20 : 55 : 5 
v/v), used at a flow-rate of 1.0 ml/min. Commercial dosage 
forms were analysed. 

Apparatus 

The HPLC outfit consisted of a Du Pont 8800 chro- 
matoaranhic numn, PN 85 1100-901 column compartment, 
850 &able-wavelength absorbance detector, a Rheodyne 
50-~1 injection valve and a Spectra Physics SP 4100 com- 
putating integrator. 

A column (25 cm x 4.6 mm id., IO-pm particles; 
stainless-steel tube) was used at 35”. The detector wave- 

length was set at 254 mn and the sensitivity at 4 mV 
full-scale deflection. The chart speed was 1 cm/mitt. 

Stock solutions of phenyltoloxamine dihydrogen citrate 
(I), salicylamide (II), caffeine (III), paracetamol (IV), co- 
deine phosphate (V) and the internal standard phenacetin 
(VI) were prepared by dissolving 50.0 mg of the compound 
in 5 ml of methanol and diluting the solution to 100.0 ml 
with water. The standard solutions for calibration were 
prepared as needed, by diluting the stock solutions with the 
mobile phase. 

Preparation of assay solutions 

Syrups. Transfer 1 g of syrup to a lOO-ml standard flask, 
mix with 10 ml of methanol and dilute to volume with water. 

Tablets. Weigh an appropriate quantity of the powdered 
sample and extract it with two 15-ml portions of methanol, 
shaking the mixture for 20 min each time. Filter and wash, 
and dilute the filtrate and washings to volume in a 100~ml 
standard flask with water. 

Procedure 

Inject a 50.0-~1 aliquot of sample solution containing an 
appropriate quantity of internal standard into the chro- 
matograph. Inject an identical volume of the corresponding 
calibration mixture (containing the same amount of internal 
standard). Calculate the amount of each component present 
in the sample by simple proportion from the peak areas 
for the sample and standard, and the known composition of 
the latter. 

RESULTS AND DISCUSSION 

Order of elution 

A typical chromatogram is shown in Fig. 1. The 
retention times were 1.90, 2.60, 3.11, 3.41, 4.95 and 
6.86 min for compounds I, V, IV, III, II and VI 
respectively. 

Preliminary studies with aqueous methanol as elu- 
ent had demonstrated that increasing the methanol 
concentration resulted in decreased resolution and 
chromatography time. Addition of acetonitrile and 
tetrahydrofuran enhanced the resolution. With the 
mobile phase finally selected, the resolution between 
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Also, its use did not significantly increase the total 
analysis time, and as it is a common analgesic that 
may often be found in other analgesic formulations, 
such samples may be assayed by the proposed 

m method-as none of the commercial dosage forms 
contains all six compounds it is easy to select an 
alternative internal standard. 

0 2 4 6 6 

Min 

Fig. 1. Chromatogram of 50 ~1 of a standard mixture 
containing six drugs (2.5 pg of I, 1.5 pg of V, 1.0 pg of II 

and 0.1 pg of each of HI, IV and VI). 

compounds I, V, IV, III, II and VI had values of 
2.0, 2.9, 1.7, 1.5 and 1.6 respectively and the total 
chromatography time was 7 min. A broad peak was 
always obtained for salicylamide (II), and could not 
be narrowed. 

Selection of internal standard 

Phenacetin was chosen because.of its availability 
and its reasonable stability in aqueous solutions. 

Precision 

The within-day and between-day variabilities of 
the assay over a three-day period are presented in 
Table 1. 

Application to dosage forms 

The results for a synthetic mixture and the three 
commercial dosage forms (Table 2) indicate that the 
method is suitable for analysis of various commercial 
products. 

REFERENCES 

1. Handbook of Non-prescription Drugs, 5th Ed., W. S. 
Apple (ed.), pp. 120-133. Am. Pharm. Assoc., 
Washington DC, 1979. 

2. L. L. Alber, M. M. Gverton and D. E. Smith, J. Assoc. 
Ofl Anal. Chem., 1971, Sq 620. 

3. E. Nieminen, Bull. Narcotics, 1971, 23, 23. 
4. M. Gesch and M. Sahli, Pharm. Acta Helv., 1974, 49, 

317. 
5. R. A. Henry and J. A. Schmidt, Chromatographia, 1970, 

3, 116. 
6. P. P. Ascione and J. P. Chekrian, J. Pharm. Sci., 1975, 

64, 1029. 
7. R. G. Raum and F. F. Cantwell, ibid., 1978, 67, 1066. 
8. V. D. Cru~ta. ibid.. 1980. 69. 110. 
9. R. Matsuda, ‘M. Tatsuxawa’and A. Ejima, Iyakuhin 

Kenkyu, 1983, 14, 37. 
10. T. Kakeuchi, D. Ishii and A. Nakanishi, J. Chromatog., 

1984, 285, 97. 
11. W. R. Sisco, C. T. Rittenhouse and L. A. Everhart, 

ibid., 1985, 348, 253. 
12. N. Zhang and Y. Yu, Yaowu Fenxi Zazhi, 1985.5,99. 
13. W. R. Sisco, C. T. Rittenhouse, L. A. Everhart and 

A. M. McLaughlin, J. Chromatog., 1986, 354, 355. 

Table 1. Variability of the assay (5 replicates) 

Compound 
Taken, 
flglml 

Found, day 1 Found, day 2 Found, day 3 

Mean f std. devn., Mean f std. devn., Mean f std. devn., 
lcglml Mcglml mlml 

Phenyltoloxarnine dihydrogen 
citrate 

Salicylamide 
Caffeine 
Paracetamol 
Codeine nhosvhate 

50.4 50.2 f 0.3 50.3 f 0.3 50.3 f 0.2 

21.2 21.5 f 0.3 21.4 f 0.2 21.1 f0.3 
2.8 2.8 f 0.05 2.8 f 0.08 2.7 f 0.06 

2.0 f 0.05 1.9 f 0.05 2.0 f 0.04 
32.4 f 0.3 32.3 f 0.2 32.3 f 0.2 

Table 2. Assay of commercial dosage forms (mean f std. devn., of 5 determinations)* 

Phenyltoloxamine Codeine 
Samvle dihydrogen citrate Salicylamide Caffeine Paracetamol phosphate 

Codipront syrup 99.2 f 0.5 
Codacetine - 

tablets 
Asco tablets 98.8 f 0.7 

*Expressed as per cent of nominal content. 

- - - 99.6 f 1.1 
100.4fl.l - 99.9 & 1.3 100.0 f 1.0 

99.8 f 0.8 101.0 f 1.5 99.0 f 1.4 99.2 f 1.2 
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Summaq-Potentiometric stripping determination of nickel(H) can be performed at zero current with 
a graphite paste electrode chemically modified with dimethylglyoxime. Among oxidants investigated, 
atmospheric oxygen present in solution was selected as the best, providing sharp and reproducible 
analytical signals. 

In conventional potentiometric stripping analysis, 
cations of metals forming amalgams are reduced at a 
constant potential and then oxidized chemically, pro- 

ducing changes of the working-electrode potential, as 
a function of time. Applications of this method for 
the determination of species not forming amalgams, 
reacting irreversibly or forming intermetallic com- 
pounds require different procedures. Satisfactory re- 
sults in such circumstances can be obtained by the use 
of constant-current potentiometric stripping of spe- 
cies adsorbed on the surface of a mercury film 
electrode. Such a procedure has been applied for the 
determination of nickel and cobalt,’ molybdenum* 
and uranium.’ 

Adsorptive preconcentration of analyte species on 
the working electrode surface has been used for many 
years in voltammetric stripping methods. Several 
authors have applied this successfully to the deter- 
mination of nickel, utilizing adsorption of the 
nickel-dimethylglyoxime (DMG) complex on the 
mercury electrode surface in the presence of DMG in 
weakly alkaline solution4’ and the determination has 
also been done in a continuous-flow system.* The 
analytical signal recorded during cathodic polar- 
ization of the working electrode is attributed to 
reduction of the adsorbed dimethylglyoximate. The 
amount of complex adsorbed depends essentially on 
the polarization of the electrode during the precon- 
centration step.’ Use of graphite paste containing 
DMG as the working electrode material allows deter- 
mination of nickel by an anodic stripping method.’ 
Following a purely non-electrochemical deposition 
step, nickel(I1) preconcentrated on the electrode sur- 
face is reduced to metallic nickel: the resulting cath- 
odic current is the analytical signal measured. 

The aim of this communication is to demonstrate 
that a chemically modified graphite-paste electrode 
(CME) can be used for the determination of nickel(I1) 
by conventional potentiometric stripping analysis at 
zero current. 

EXPERIMENTAL 

Equipment 

The reduction at constant potential was monitored with 
a PLP 225C polarograph (Zahned, Warsaw) employed as a 
potentiostat. Potential changes of the working electrode in 
the stripping phase were monitored with an OP-208/l 
pH-meter (Radelkis, Budapest) interfaced with an X-Y 
recorder (type 4105, Laboratorni Pristroje, Prague), 
modified to operate with time recorded on the X-axis, by use 
of a home-made external linear ramp voltage generator 
providing a recording speed ranging from I to 25 cm/see. A 
platinum foil (0.5 cm-‘) was used as auxiliary electrode and 
a Radelkis OP-083OP SCE type electrode as reference. 

Preparation of the working electrode 

Graphite paste prepared by thorough mixing of 450 mg 
of spectroscopic grade graphite powder, 50 mg of DMG 
(PGCh, Gliwice, Poland) and 50 ~1 of DC 200 silicone oil 
(Fluka, Switzerland) was placed in a l-ml polyethylene 
syringe. The working-electrode surface (3 mm2) was re- 
newed daily by pressing out of the syringe a l-mm layer of 
paste and removing it with filter paper. Electrical contact 
was effected by means of a silver wire inserted into the paste. 

Solutions 

Nickel(I1) sulphate, ammonia and other solutions used 
were prepared from analytical grade reagents and triply 
distilled water. 

RESULTS 

The potentiometric stripping determination of 
nickel(I1) with a graphite-paste CME proceeds in 
three steps. The first and second are similar to those 
in conventional voltammetric stripping deter- 
minations,’ namely, chemisorption of nickel(H) ions 
on the CME surface and reduction of this precon- 
centrated nickel at a sufficiently negative potential. 
The magnitude of the analytical signal depends very 
much on the experimental conditions for these two 
steps. All the measurements described in this paper 
were made on 1% aqueous ammoniacal solutions. 
Chemical preconcentration was performed in solu- 
tions stirred with a magnetic stirrer at constant speed 
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Fig. 1. Potentiometric stripping curves obtained for 3 pg/ml 
Ni(II) in non-deaerated 1% ammonia solution. Precon- 
centration time r, = 3.0 (l-5) and 10 (6, 7) min. Reduction 
time 1, = 0.5 (1,6), 1.0 (2), 1.5 (3), 2.0 (4) and 2.5 (5, 7) min. 

Reduction potential - 1.15 V US. SCE. 

without polarization of the working electrode. The 
effect of the preconcentration time t,, and reduction 
time 1, on the signal magnitude is illustrated by the 
potentiometric stripping curves shown in Fig. 1. 
Curves l-5 correspond to different t, values and the 
same td = 3.0 min. Curves 6 and 7 were obtained at 
the substantially longer preconcentration time of 
r,, = 10 min. It can be concluded from a comparison 
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Fig. 2. Potentiometric stripping curves obtained for 3 ,ug/ml 
Ni(II) in 1% ammonia solution deaerated for 1 (1) 4 (2) and 
10 (3) min: r, = 3.0 min, t, = 1.0 min. Reduction potential 

- 1.15 V us. SCE. 

of curves 1 and 6 (for t, = 30 set) and 5 and 7 (for 
t, = 2.5 min), that under these experimental condi- 
tions increasing the preconcentration time t,, beyond 
3 min does not increase the signal magnitude, though 
increasing the reduction time t, does result in a larger 
signal. Chemisorbed nickel(I1) was reduced at - 1.15 
V us. SCE. At less negative potentials no signal was 
observed, which is in good agreement with previous 
results obtained in voltammetric methods9 In con- 
trast to the behaviour when nickel is preconcentrated 
as an amalgam on a mercury film electrode, the effect 
of stirring on chemisorptive preconcentration is al- 
most negligible: for stirred and non-stirred solutions 
a similar size of analytical signal was observed, but 
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Fig. 3. (A) Potentiometric stripping curves obtained in 1% ammonia solution deaerated for 1 min; rd = 3.0 
min and tt = 1.0 min for 0.2 pg/ml Cd and 0.5 pg/ml Ni (I), 0.4 pg/ml Cd and I .O pg/ml Ni (2), 0.6 pg/ml 
Cd and 1.5 pg/ml Ni (3), 0.8 pg/ml Cd and 2.0 &ml Ni (4), 1.0 pg/ml Cd and 2.5 rg/ml Ni (5), 2.0 
pg/ml Cd and 3.0 co/ml Ni (6). Reduction potential - 1.15 V 0s. SCE. (B) Calibration plots corresponding 

to potentiometric stripping curves shown in Fig. 3A. 
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the stirred solutions usually gave slightly sharper 
potential changes, and therefore those conditions 
were used throughout the rest of this work. 

In the third step of the potentiometric stripping 
determination nickel reduced on the electrode surface 
is oxidized chemically. Metals preconcentrated in the 
mercury film are usually oxidized by Hg(I1) present 
in the solution. In this study hydrogen peroxide, 
potassium persulphate and atmospheric oxygen were 
examined as the oxidants. Oxygen, so far used only 
rarely as the oxidant in potentiometric stripping 
analysis,iO appeared to be the best. The effect of 
varying the oxygen level in the solution on the signal 
magnitude was tested by recording potentiometric 
stripping curves for solutions deaerated by passage of 
argon for various times (Fig. 2). A decrease in oxygen 
level led to a substantial increase in the magnitude of 
the signal, but also to poorer precision. When potas- 
sium persulphate was used, no signal was recorded. 
For hydrogen peroxide very poor reproducibility was 
obtained. 

In this preliminary study nickel was determined at 
sub-ppm levels. The limit of detection was estimated 
as 8.2 ng/ml, with 3 min waiting time and 90 set 
deposition time in non-deaerated solution, assuming 
that 1 mm on the recorder trace was the minimum 

measurable signal. The relative standard deviation 
for 3 pg/ml nickel was 1.7% (with 3 min waiting time 
and 45 set reduction time). Results obtained in 
measurements of mixtures with cadmium indicate 
good separation of analytical signals (Fig. 3A) and 
satisfactory linearity of calibration plots (Fig. 3B). 
Good results have also been obtained for mixtures of 
nickel, cadmium and lead. Further studies are fo- 
cused on the determination of nickel in the presence 
of other metal ions with the graphite paste CME. 

1. 

2. 
3. 
4. 

5. 
6. 
7. 

8. 
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Summary-A spectrophotometric procedure for the simultaneous determination of amoxycillin and 
clavulanic acid in some pharmaceutical preparations has been developed. As the absorption bands of 
amoxycillin (274 and 227 nm) and clavulanic acid (270 nm) overlap, both Vierordt’s method and derivative 
spectrophotometry have been investigated and evaluated. The tirstderivative spectrophotometric method 
was found to be more accurate, direct and reproducible. 

Amoxycillin (I) is an aminopenicillin that is often 
dispensed with clavulanic acid (II), a fl-lactamase 
inhibitor produced by fermentation of Streptomyces 
clavuligerus. The preparation is used for the treat- 
ment of commonly-occurring bacterial infections, 
including many that are resistant to amoxycillin 
alone. ’ 

(I) - COOH H 

( II) 

0 H/L+HzOH 

t, 
0 

H 

Clavulanic acid contains a /I-lactam ring which is 
fused with an oxazolidine ring instead of the thiazo- 
lidine ring found in the penicillins. Although clavu- 
lanic acid has only weak antibacterial activity when 
used alone, its combined use with certain penicillins, 
such as amoxycillin, results in competitive synergism 
which expands the spectrum of activity of the 
penicillin. 

The British Pharmacopoeia method for amoxy- 
cillin in raw materials and capsules requires a spectro- 
photometric measurement at 325 nm, after reaction 
of the sample with an imidazole-mercury reagent.* 
Other methods are based on iodimetry,’ fluorimetry4” 
and polarography.‘j Several HPLC determinations 
of amoxycillin have been described,7-‘2 including 
determination in the presence of its decomposition 
products” and metabolites.” 

The pharmacokinetic evaluation of amoxycillin 
and clavulanic acid in human cerebrospinal fluids has 
been performed with ultrafiltered plasma by utilizing 

two different HPLC columns under varied chromato- 
graphic conditions.15 

The aim of this study was to develop simple and 
direct spectrophotometric procedures for the simul- 
taneous determination of amoxycillin and clavulanic 
acid in some common pharmaceutical preparations. 

EXPERIMENTAL 

Apparatus 

A Varian DMS 90 double-beam spectrophotometer with 
matched l-cm silica cells was used. 

Chemicals and pharmaceutical preparations 

Amoxycillin trihydrate and potassium clavulanate were. 
kindly donated by Beecham Research Laboratories (BRL) 
and used as reference materials without further treatment. 
The pharmaceutical preparations were randomly purchased 
from local pharmacies in Riyadh. The reference materials 
and dosage formulations were stored in a dry cool place in 
tightly closed and moisture-proof containers. 

Procedure 

Calibration graph. Make stock solutions of amoxycillin 
trihydram and potassium clavulanate by transferring 100 mg 
of each chemical into separate 25-ml standard flasks, dis- 
solving them and diluting to volume with 95% ethanol. 
Dilute these solutions further with 95% ethanol to produce 
working solutions in the range 5-30 pg/ml and 5-20 &ml 
amoxycillin and potassium clavulanate, respectively. Pre- 
pare several 2: 1 and 4: 1 mixtures of amoxycillin and 
potassium clavulanate in 95% ethanol, within these concen- 
tration ranges. 

Measure the absorbance at 227 and 270 nm for the 
drug solutions and the binary mixtures, with the solvent 
as reference. Measure the corresponding first-derivative 
responses at 251 nm for potassium clavulanate and 234 mn 
for amoxycillin. 

Assay of amoxycillin and clavulanic acid in pharmaceutical 
preparations. Weigh either 10-20 tablets or the contents of 
2-5 bottles of the powder used for preparing suspensions. 
Either pulverize a suitable number of tablets or take a 
suitable amount of powder, mix and transfer an amount 
equivalent to 20 mg of amoxycillin and 5-10 mg of clavu- 
lanate to a IOO-ml standard flask. Dissolve the sample in 
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Table 1. Spectroscopic data for amoxycillin and clavulanic 
acid solutions in 95% ethanol 

1, 
Substance nm I.mole”.cm-’ dA/dlZ+ 

Amoxycillin trihydrate 221 1.02x104 - 
234 - 14.9 
251 - 0 
270 1.35 x 10’ - 

Potassium clavulanate 221 1.01 x 10’ - 
234 - 0 
251 - 18.0 
270 1.09x104 - 

*For 1% solution, l-cm path-length. The values will vary 
according to the instrument used and are given only for 
comparative purposes. 

95% ethanol by mechanical shaking and dilute the solution 
to volume. Filter (dry paper) and transfer l-ml portions of 
the clear solution into IO-ml standard flasks and dilute with 
the same solvent. Measure the absorbance or its first 
derivative dA /d3, as for the calibration graph. Calculate the 
percentage of each drug in the preparations by Vierordt’s 
simultaneous equation method.t6 

RESULTS 

Spectroscopic data for ethanolic solutions of 
amoxycillin trihydrate and potassium clavulanate are 
given in Table 1. The results for assay and recovery 
of each drug in tablets and powder for preparing 

suspensions are given in Table 2. 

DISCUSSION 

The British Pharmacopoeia procedure’ for the 
determination of amoxycillin was applied to authen- 
tic amoxycillin and potassium clavulanate. The prod- 
ucts from the reaction of amoxycillin and clavulanate 
with the imidaxole-mercury reagent exhibit over- 
lapping maxima at 325 and 317 nm. 

The ultraviolet spectrum (200-350 mn) of ethanolic 
solutions of amoxycillin shows absorption maxima 
at about 227 and 274 nm. Potassium clavulanate 
exhibits a characteristic maximum at 270 nm. The 
absorption spectra and their first derivatives for 
ethanolic solutions of amoxycillin and clavulanate 

A 
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0 
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270 
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Fig. 1. UV-scanning (a) zero-order, D0 and (b) lst- 
derivative, (D,) of ethanolic solutions of amoxycihin tri- 
hydrate [(---), 10 pg/ml] and potassium clavulanate 

K-), 5 rcg/mll. 

are shown in Fig. 1. Accurate absorption measure- 
ment of each drug in a binary mixture appears to be 
quite impossible because of the band overlap. The 
Vierordt simultaneous equation methodI was evalu- 
ated for determining both drugs in a mixture. How- 
ever, the band overlap may be influenced by 
differences between the sample and reference, or by 
the matrix in pharmaceutical formulations, leading to 
erroneous results.” Derivative spectrophotometry 
is useful for dealing with such problems.‘g20 The 
first-derivative of the amoxycillin spectrum shows 
a characteristic trough at 234 mn, where dA /dl 
for clavulanic acid is zero. Similarly dA/drl. is zero 

Table 2. Assay and recovery of amoxycillin and clavulanic acid 

lst-derivative procedure Vierordt calculation 

Amoxycillin, Clavulanic Amoxycillin, Clavulanic 
% acid, % % acid, % 

Tablets 
Assay* 104.5 f 0.5 102.1 f 0.6 103.4 f 1.6 

(n = 6) (n = 5) (n = 8) 
Recovery*? 100.1 f 0.6 100.1 f 0.7 97.4 f 1.2 

(n = 6) (n = 5) (n = 4) 
Powder for suspensions 
Assay* 101.5 f 0.5 106.9 f 0.4 105.7 f 3.1 

(n = 4) (n = 5) (n = 4) 
Recovery*? 99.7 f 0.8 99.4 f 0.7 96.8 f 2.0 

(n = 5) (n = 5) (n = 4) 

*Mean f standard deviation for n determinations, relative to nominal content. 
tFor standard additions of 50% of nominal content. 

101.2 f 1.0 
(n = 7) 

100.2 f 0.8 
(n = 4) 

103.1 f 0.9 
(n = 4) 

99.0 f 1.2 
(n = 4) 
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for amoxycillin at 251 nm where clavulanic acid 
has a peak. Other components of the pharmaceutical 
preparations tested show no absorption at these 
wavelengths. The recovery by both procedures was 
tested by adding known amounts of amoxycillin 
and clavulanate reference materials to each dosage 
formulation. 

The Vierordt method gave poorer recovery for 
both drugs (Table 2), and also poorer precision than 
the first-order derivative method. 

Acknowledgement-The authors express their thanks to the 
Scientific office of Beecham Research Laboratories in 
Riyadh for providing authentic samples of amoxycillin and 
potassium clavulanate. 
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Summary-A convenient method for determination of thallium(II1) is based on photochemical reduction 
with hydrogen peroxide in the presence of bromide as catalyst, followed by oxidation of thallium(I) with 
potassium bromate. 

Photochemical redox methods for the estimation of 
thallium(II1) alone and in mixtures, based on use of 
oxalate as the reductant, have been reported.‘** These 
methods were based on the photochemical activity of 
thallium salts and the enhancement of this activity in 
the presence of selected catalysts at low concen- 
trations under controlled conditions, and also on the 
photochemical reducing capacity of oxalate. 

Hydrogen peroxide is a photochemically active 
compound which can act as either an oxidant or a 
reductant, depending on the conditions and reagents 
used, and its photochemical reaction with thal- 
lium(II1) has now been investigated. On the basis 
of these studies a convenient photochemical redox 
method has been developed for the estimation of 
thallium(II1). 

EXPERIMENTAL 

Reagents 

Thallium(II1) hydroxide was prepared as reported earlier3 
and dissolved in suitable amounts of perchloric or sulphuric 
acid. The thallium content was estimated iodometrically’ 
and verified by other methods3,5. 

Hydrogen peroxide solutions were prepared and stan- 
dardized by the usual procedure6. All the other reagents 
used were of analytical reagent grade. 

Recommended procedure 

To an aliquot containing 0.05-0.5 mmole of thallium(II1) 
in a 200-ml beaker add 0.025 mmole of bromide, 1 mmole 
of hydrogen peroxide and enough perchloric acid to keep 
the concentration of the acid at about 1 .OM in 100 ml of 
solution. Stir the solution and expose it to the light from 
a high-pressure mercury vapour- lamp for 10min. Add 
15 ml of concentrated hydrochloric acid and 0.1 ml of 0.1% 
Methyl Orange indicaior, heat to 60” and titrate with 
O.OlM potassium bromate until the indicator is destroyed 
(1 ml of O.OlM KBrO, i 6.13 mg of Tl). The method can 
also be applied in sulphuric acid medium. 

RRSULTSANDDlSCUSSION 

The reaction between thallium(II1) and hydrogen 
peroxide is slow in the dark but considerably faster 
in the light. Dilute perchloric acid is used as the 

medium because it forms no known complexes with 
thallium(II1). 

Chloride, bromide and 2,2’-bipyridyl are reported 
to catalyse the reaction between thallium(II1) and 
oxalic acid,**’ so their effect on the reaction tith 
hydrogen peroxide was investigated, by the procedure 
described earlier. A separate study showed that hy- 
drogen peroxide does not interfere in the bromate 
titration of thallium(I),s-‘O so this titration (with 
Methyl Orange as indicator) was used for monitoring 
the progress of the photochemical reduction. It was 
found that 90 pmoles of thallium(II1) could be com- 
pletely reduced in 40 min with 0.18436 mmole of 
hydrogen peroxide in l.OM perchloric acid medium, 
and in the same time period with 0.18 mmole of 
hydrogen peroxide in the presence of l.O-2.OM 
perchloric acid, but the reaction was slower with 
lower acid concentrations. The reaction is accelerated 
by the presence of bromide (Table 1). 

The stoichiometry of the reduction can be written 
as 

Tl(II1) + H,O,+Tl(I) + 2H + + O2 

Table 1. Effect of bromide ion 
concentration [thallium(III) 0.09 
mmole, hydrogen peroxide 0.18 

mmole, perchloric acid 1 .O M] 

Time for complete 
Bromide, reduction, 

mmole min 

- 40 
0.002 12 
0.006 5 
0.008 4 
0.010 2 
0.020 2 
0.030 2 
0.040 2 
0.050 4 
0.060 5 
0.070 8 
0.090 12 
0.180 No complete 

reduction 
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Table 2. Estimation of thallium 

Taken, mmole Found, mmole 

Tl(II1) W) Tl(II1) TV) 
0.0500 - 0.0500 - 
0.100 - 0.100 - 
0.125 0.500 0.125 0.500 
0.200 0.450 0.200 0.450 
0.250 - 0.250 - 
0.250 0.400 0.250 0.400 
0.400 0.250 0.400 0.251 
0.450 - 0.450 - 
0.450 0.209 0.451 0.201 0.500 - 0.505 - 
0.500 0.125 0.500 0.125 

hum(I) already found. Typical results are given in 
Table 2. 

These results show that thallium(II1) can be deter- 
mined satisfactorily either alone or in mixtures with 
thallium(I). 

Interferences 

Chromium(II1) and iron(II1) interfere even at very 
low concentration. Copper does not interfere at 
concentrations below O.OSiU, but at higher concen- 
trations colour its interferes with detection of the 
titration end-point. Chloride and high concentrations 
of bromide inhibit the reaction. 

Hence the amount of hydrogen peroxide present 
must be in at least 1: 1 molar ratio to that of 
thallium(III), and a minimum 2 : 1 ratio is required to 
minimize the reaction time. The results in Table 1 
show that bromide accelerates the rate of reduction, 
its optimal concentration being in 0.11-0.44 molar 
ratio to that of the thallium(III), Chloride and 
2,2’-bipyridyl were found to make the reaction 
slower. 

Application to mixture of thallium($) and thallium(lll) 

First estimate thallium(I) directly by potassium 
bromate titration. Take a second sample and reduce 
the thallium(II1) as described above. Titrate to find 
the total thallium and substract the amount of thal- 

1. 

2. 

3. 
4. 

5. 
6. 

7. 

8. 
9. 

10. 
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Summary-Complex formation between uranium or tungsten and o-hydroxyhydroquinonephthalein 
(Qnph) in various micellar surfactant media has been investigated fluorometrically, and determination of 
uranium and tungsten based on the difference between the relative fluorescence intensities of Qnph and 
the metal complex at 535 nm, with excitation at 400 nm in the presence of poly(viny1) alcohol as a 
non-ionic surfactant. The calibration curves were linear up to 1.0 &ml uranium and 0.9 rg/ml tungsten. 
The relative standard deviations (5 replicates) were 2.6% for tungsten and 3.0% for uranium, and recovery 
tests gave relatively good results (97-104%). 

Numerous methods for the spectrophotometric deter- 
mination of uranium and tungsten have been re- 
ported,‘-’ based on use of balmic acid, morin, sodium 
fluoride, Pyrogallol Red (PR), pyrogallic acid, etc., 
but most of them require a solvent-extraction step, 
and have various disadvantages in terms of re- 
producibility, simplicity, rapidity and sensitivity. 

In recent years, the effect of various surfactants 
alone or in combination on spectrophotometric sys- 
tems has been widely exploited, and micellar surfac- 
tant media have provided many improvements in 
sensitivity, selectivity, etc. *-I3 Similar improvements 
have been achieved in fluorimetric methods by the use 
of surfactants.‘k23 

We have already reported13*22-M that o- 
hydroxyhydroquinonephthalein (Qnph) is a useful 
xanthene dye for the spectrophotometric deter- 
minations of metal ions, or organic compounds, but 
fluorimetric application of the reagent has scarcely 
been investigated, except for determination of molyb- 
denum and tin.22,23 

In this paper, the effect of various surfactants on 
the fluorescence of Qnph and its uranium and tung- 
sten complexes is described, along with the highly 
sensitive and selective methods for the fluorimetric 
determination of these metals that have been estab- 
lished as a result. 

EXPERIMENTAL 

Reagents and apparatus 
All reagents were of analytical reagent grade. The stan- 

dard uranium stock solution (1.0 x lo-‘M) was prepared 
by dissolving uranyl nitrate in water, and tungsten stock 

*To whom correspondence should be addressed. 

solution (1.0 x IO-‘M) by dissolving tungstic acid in 1M 
sodium hydroxide. Working solutions (5.0 x lo-‘M) were 
prepared by suitable dilution of the stock solutions. A 
1.0 x lo-)M Qnph solution was prepared as described 
earlier.i3JZJ3 A 1.0% poly(vinyl)alcohol (PVA) solution 
was prepared by dissolving PVA (n = 2000, Kishida 
Chemical Co., Ltd.) in water. A 0.067M disodium 
hydrogen phosphate-sodium dihydrogen phosphate buffer 
(Sorensen, pH 7.5) and a 0.20M sodium acetate-acetic acid 
buffer (Walpole, pH 5.4) were used for pH adjustments. 
Demineralized water was used throughout. 

The fluorescence intensity measurements and fluorescence 
spectra were performed on Hitachi model 203 and 
Shimadzu model RF-500 fluorospectrophotometers. 

Standard procedures 
Uranium. To a solution containing up to 10.0 pg of 

uranium, placed in a 10.~ml standard flask, 2.0 ml of 
phosphate buffer (PH 7.5), 0.5 ml of 1.0% PVA solution and 
0.5 ml of 1.0 x lo-‘M Qnph were. added. The mixture was 
diluted to volume with water and kept at room temperature 
(10-25”) for 10 min. The relative fluorescence intensities of 
this solution and a reference Qnph solution similarly pre- 
pared but without uranium present, were measured at 535 
nm, with excitation at 400 nm. 

Tungsten. A solution containing up to 9.0 pg of tungsten 
was placed in a lO.O-ml standard flask, and 2.0 ml of acetate 
buffer @H 5.4), 0.5 ml of 1.0% PVA solution and 0.5 ml of 
1 .O x lo-‘M Qnph were added, and the mixture was diluted 
to the mark with water. A reagent blank was made in the 
same way. After 10 min at room temperature (10-25”) the 
relative fluorescence intensities of the two solutions were 
measured at 535 nm, with excitation at 400 nm. 

RESULTS AND DISCUSSION 

Fluorescence spectra 

Figure 1 shows the emission spectra of the Qnph, 
Qnph-uranium and Qnph-tungsten solutions con- 
taining PVA. The difference in relative fluorescence 
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Wavelength (nm) 

Fig. 1. Emission spectra of Qnph solution (solution A) 
and Qnph-uranium or Qnph-tungsten solution (solution B) 
in the presence of PVA. Qnph, 5.0 x 10e5M; PVA, 0.1%; 
uranium, tungsten, 2.5 x 10e6M; -, Qnph solution 
@H 7.5); ----, Qnph-uranium solution @H 7.5); - x -, 
Qnph solution @H 5.4); --- x ---, Qnph-tungsten 

solution @H 5.4). 

intensity (AF) between the reagent and complexes is 
maximal at 535 nm and proportional to the uranium 
or tungsten concentration. 

The excitation maximum of Qnph is at 400 nm, 
with emission at 535 nm, and these wavelengths were 
used for the determination. 

Eflects of pH and surfactants 

The complex between Qnph and uranium or tung- 
sten in the presence of non-ionic surfactant was 
formed rapidly over wide pH-ranges, and its AF value 
was stable for at least 90 min. The optimal pH ranges 
were 6.8-8.5 with the phosphate buffer for uranium, 
and 5.1-5.8 with the acetate buffer for tungsten, and 
the optimal amount of buffer solution was 1.5-3.0 ml 
in the final 10 ml. 

The effect of representative surfactants on the 
colour and fluorescence reactions was examined: 
cationic, N-hexadecyltrimethylammonium chloride 
(HTAC); anionic, sodium lauryl sulphate (SLS); am- 
photeric, sodium N-lauroylsarcosine; and several 
non-ionic surfactants (Table 1). The cationic and 
amphoteric surfactants had a large quenching effect 
on the fluorescence. With the exception of gelatin, the 
other surfactants tested had little or no effect on the 
stability and reproducibility of the fluorescence, or 
the AF value. 

Of the non-ionic surfactants investigated, gelatin, 
PVA (n = 500, 2000), poly(N-vinyl-2-pyrrolidone) 
@‘VP), poly(oxyethylene) sorbitan, monolaurate 
(Tween 20), poly(oxyethylene) dodecyl ether (Brij 35) 
and methylcellulose (MC), the best dispersion and 

Table 1. Effect of surfactant on the complexation 
reaction between Qnph and uranium 

AF at 
Surfactant 535 nm, % 

24.1 
Non-ionic PVA (n = 2000) 26.0 
Anionic SLS 25.4 
Cationic HTAC * 

Amphoteric LS * 

Non-ionic Gelatin 14.0 
Tween 20 23.5 
PVP 24.0 
MC 25.4 
PVA (n = 500) 25.4 

Uranium taken, 2.5 x 10m6M; Qnph, 5.0 x 10m5M; 
surfactants, 0.5%; pH, 7.5. 

*Large quenching of fluorescence of Qnph and 
Qnph-uranium solutions-impossible to measure. 

stabilizing agent was PVA (n = 2000), and its optimal 
amount was OS-l.5 ml of 1.0% solution in the final 
10 ml of solution. 

Effect of Qnph concentration 

The effect of Qnph concentration on the formation 
of the Qnph-uranium complex was investigated at 
constant concentration of uranium. The recommen- 
ded final concentration of Qnph is 5.0 x lo-‘- 
1.2 x lo-4M. 

Eflect of temperature and reaction time 

The effects of temperature and standing time were 
examined at 20, 45 and 60” and 10-40 min reaction 
time. The AF value was increased with increase in 
temperature and standing time-the maximum AF 
was obtained by heating solutions A and B at 60” for 
30 min-but its value was lacking in reproducibility. 
The high fluorescence intensity and instability 
may be due to decomposition of the micellar 
medium. However, the fluorescence reaction at 
room temperature was very fast, and the fluorescence 
was very stable and reproducible. Accordingly, the 
recommended conditions are reaction for 10 min at 
room temperature. 

Calibration and reproducibility 

The calibration graphs were linear up to 10.0 pg 

of uranium and 9.0 pg of tungsten in the final 
10 ml. The relative standard deviations for 5.0 pg of 
uranium or tungsten were 3.0% and 2.6% (n = 5), 
respectively. 

Effects of foreign ions, and applications 

Relatively small amounts of several metal ions, 
such as copper, thorium, iron, aluminium, zinc, gave 
positive errors in the assay of uranium or tungsten, 
owing to reaction with Qnph, but there was very little 
or no interference by cadmium, lead, silver, calcium, 
magnesium and barium. Although polycarboxylate 
anions such as oxalate and citrate, and complexing 
agents such as nitrilotriacetic acid (NTA) and imino- 
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Table 2. Effect of foreian ions on the assay of uranium 

AF at 535 nm, % 
Foreign Added, 
ions pgg/ JO ml Method A Method B Method C 

Th(IV) - 11.6 25.4 29.4 25.4 25.4 9.8 9.8 
Fe(III) 0.6 35.0 25.4 9.8 
Al(III j 0.3 33.5 25.8 9.8* 
cut11‘) 0.6 33.4 33.4 9.8 
NitiIi 2.9 38.5 39.0 9.8 
zn(Ii) 3.3 35.7 34.8 9.8 
CdlII) 5.6 25.4 
AgiI)’ 20.6 25.4 
Ca(II) 20.3 25.4 
M&i) 24.1 25.4 
F- 570.0 25.4 
I- 634.5 25.4 
sag- 800.6 25.4 
SC& 560.6 25.4 
C;H;O:- 740.0 25.4 

94.6 15.9 
88.0 21.4 
47.8 9.8 

Uranium taken, 5.6 &lo ml; Qnph, 5.0 x lo-‘M; PVA, 
0.1%; pH, 7.5; 

Method A-no masking agent. 
Method B-sodium fluoride + sodium thiosulphate as 

masking agent. 
Method C-NTA as masking agent. 
*NTA + sodium fluoride as masking agent. 

diacctic acid (IDA) caused a negative error, most 
anions, such as sulphate, chloride, nitrate, sulphite, 
fluoride, iodide, bromide and thiosulphate did 
not interfere in lOO-200-fold ratio to uranium or 
tungsten. The interferences of copper, thorium and 
aluminium in 5-20-fold ratio to uranium or tungsten 
could be overcome by addition of thiosulphate 
(for Cu) or sodium fluoride (for Th, Al) solution as 
masking agent. Also, copper, nickel, zinc ions, etc. 
could be masked by addition of NTA or IDA, but the 
sensitivity was then lower and excess of masking 
agent had to be minimized. Table 2 shows the results 
for the effect of interferences in the assay of uranium. 

The recovery tests for tungsten or uranium in tap 
water, and artificial wastewater (copper-iron-thorium 
mixture) were relatively good (97.2-K&2% recovery). 

Composition of complexes 

The compositions of the uranium-Qnph and 
tungstenQnph complexes in the presence of 0.1% 
PVA were investigated by the molar ratio and Job’s 
continuous-variation methods. The molar ratios of 
uranium and tungsten to Qnph were found to be 2: 3 
and 1:2 respectively by both methods. 

Conclusions 

The fluorescence-quenching reaction between 
Qnph and uranium or tungsten in the presence 
of a non-ionic surfactant such as PVA has good 
reproducibility and gives a large decrease in 
fluorescence which can be used to provide a simple, 

rapid and sensitive fluorometric method for the assay 
of uranium and tungsten. These proposed methods 
are more sensitive than other spectrophotometric 
methods ‘-‘* and are simple and rapid, without the 
need for an extraction into organic solvent. Although 
further investigation may be necessary, the proposed 
methods should be useful for assay of trace amounts 
of these metal ions in various water samples. 
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Summary-A modified flow-injection solvent extraction procedure involving a phase-separator column 
has been developed. The main feature is the selective absorption of the injected aqueous phase by the 
separator column. The procedure is in effect a variety of liquid-liquid partition or affinity chro- 
matography. 

Since Karlberg and Tbalander’ described an extrac- 
tion system, based on the principle of flow-injection 
analysis (FIA) with a T-type phase separator, 
numerous applications of FIA solvent extraction 
have been developed and reported,r4 and phase 
separators based on a Teflon membrane are popular 
for the purpose since Nord et al.’ reported their use. 

Phase separators for FIA solvent extraction sys- 
tems must be able to remove completely all traces of 
the unwanted phase and simultaneously isolate a 
large fraction of the phase of interest. However, the 
construction of the phase separator is critical with 
respect to the peak broadening which may arise in the 
FIA solvent extraction procedure, and to keeping the 
unwanted phase out of the detector flow-cell. Re- 
cently Sahlestriim and Karlberg’ reported an tm- 
segmented FIA extraction procedure. Though it had 
the advantage that the phase separation was com- 
plete, the extraction efliciency was not as high as 
usual. Another disadvantage was that the separation 
ratio was greatly influenced by the flow-rates of the 
two phases, making optimization of the system 
difficult. 

This paper describes a new type of unsegmented 
FL4 extraction system with a water-abso~tion col- 
umn filled with a resin that selectively absorbs the 
aqueous phase.8 The aqueous phase is injected into a 
stream of organic solvent and extraction of the 
analyte takes place during flow through the column, 
followed by the selective absorption of the aqueous 
phase. 

Only the organic phase flows into the detector. The 
chief advantage of the system is its simplicity, because 
no reaction tube or complex phase separator is 
needed. The main disadvantage is that a higher 
column pressure is sometimes observed.* 

Reagents and materials 
All chemicals were of analytical reagent grade and used 

without further purification. The chloroform used was 
HPLC grade and used without drying. The materials used 
for selective absorption of water were Sumicagel base gel 

SP-520 (Sumitimokagaku, Tokyo, Japan; “gel-type”) and 
the inner fibres in a disposable diaper for babies (“Merries”, 
Kao, Tokyo, Japan; “cotton-type”). 

Apparatus 
The FIA 

(metal-free, 
system comprised a CCPM multifunction pump 
, Tosoh. Tokvo. Janan). a Rheedvae 7125 iniec- 

ion valve. with a lOO- or {O pl loop, a- glass c&&n 
(2-8 mm bore, 10 mm long) and a UV-8000 spectro- 
photometric detector (Tosoh). The absorbance of the 
organic phase was monitored at 254 nm and recorded on a 
CP-8000 data station (Tosoh). 

Packing of water-absorbents 
Both types of absorbent were Packed by hand. The net 

weight of the gel-type was 280 mg for the p~~-~p~ation 
column (8 mm bore, 10 mm long) and that of the cotton- 
type was 300 mg. The gel-type material became sticky aa it 
absorbed water; the cotton-type also became glutinous but 
to a lesser extent. Before use the separator column was 
conditioned by pumping a 4:l v/v chloroform/methanol 
mixture through it for 15 min. 

RESULTS AND DISCUSSION 

Manifolcis 

The extraction of caffeine from demineralized 
water into chloroform was selected as the model for 
evaluation of the system. In the usual FIA solvent 
extraction systems a steady-state signal level is 
reached with large injection volumes, and further 
volume increase results only in increased cycle time.’ 
All peak heights, Z&,,,, can be related to this steady- 
state level, H,, to give the quantity D’, defined as 
D’= ~~/~_;’ D’ is thus analogous’ to the dis- 
persion coefficient, I), defined9 for a single-phase 
system. 

When the injection volume was increased in the 
new system, the peak height slowly increased but did 
not reach a steady-state level even when the injection 
volume exceeded 2 ml. This means that the dispersion 
of the injected sample in the cohunn is high, in 
contrast to the usual FIA solvent extraction systems. 
If the peak height for caffeine (50 ppm, injection 
volume 2 ml) is taken as the steady state, D’ is about 
29 when the injection volume is 10 ~1. 
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Comparison of absorbents 

The choice of absorbent is very important with 
regard to physical stability. When the gel-type was 
used, the column pressure gradually increased with 
the number of injections. After 20-30 injections the 
column became unusable because of the high pressure 
required as the material in the column became 
glutinous through absorption of water. The pressure 
needed increased even when only the carrier was 
pumped through the column, because of absorption 
of the water in the chloroform. The cotton-type 
material performed better in this respect, with a 
slower increase in the pressure needed. This is pre- 
sumably due to more rigid structure of the absorbent. 
The cotton-type absorbent, pretreated with 
methanol<hloroform mixture is therefore preferred. 

Optimization of column dimensions 

Different internal diameters (2, 4, 6, 8 mm) of the 
glass column were investigated, with a constant 
length (10 mm) of cotton-type absorbent. With the 
smaller diameters, effective and reproducible packing 
could not be achieved without mechanical aid, and 
higher pumping pressures were needed. A bore of 
8 mm was therefore selected. 

Combination of solvents 

In an attempt to avoid increase in the pumping 
pressure needed, the effect of methanol (as a solvent 
miscible with both phases) was investigated. When 
4: 1 v/v chloroform-methanol mixture was used as 
carrier, the column pressure needed did not increase 
with number of injections. Presumably the methanol 
resulted in mild degeneration of the cotton-type 
absorbent before the injections were begun. However, 
noisier signals were obtained when samples were 
injected. This is attributed to water dissolved in the 
methanolic carrier. It was found that if the column 
was first conditioned with methanolic chloroform 
and then chloroform was used as the carrier, no 
increase in pumping pressure was needed and the 
signal noise was reduced. 

Extraction eflciency 

Typical recorder traces for caffeine are shown in 
Fig. 1. No blank peak or baseline noise was observed, 
but the peaks showed slight tailing. This is attributed 
to the additional dispersion of samples in the column. 
To estimate the extraction efficiency, injections were 
made of aqueous and organic phases with the same 
concentration of anaiyte. The rest&s are given in 
Table 1. The peak height for the aqueous phase 
was slightly higher than that for the organic phase. 
Considering that the dispersion of the aqueous 
sample is expected to be smaller than that of the 
organic phase because of the segmentation, the 
extraction etliciency must approach 100%. 

I 0.064 
obrorb4ncr 

- 
2 mill 

Fig. I. Peaks obtained by injection of 0, 100,200,400 ppm 
standard solutions of caffeine: flow-rate 1 ml/mitt, injection 

volume 10 pt. 

Choice of injection volume 

In other FIA solvent extraction systems large 
injection vohunes are sometimes preferred because of 
the higher extraction efficiency then obtained.‘O In the 
new system, however, reproducible and stabie peaks 
were observed only when the injection volume was 
below 15 ~1. This was because absorption of the 
water was not perfect, and sometimes tiny water 
droplets entered the detector ffow-cell when the injec- 
tion volume exceeded 15 pl. Therefore, 10-15 ~1 is 
selected as the injection volume. In its present form 
the system is restricted to an injection volume smaher 
than 20 ~1. 

Water-loading of the column 

The column would be expected to become 
progressively loaded with water along its length, until 
breakthrough occurred. In the experiments done this 
effect was not observed, because the injection volume 
was very small in comparison with the water- 
absorption capacity, and the column was renewed 
we11 before the b~akthrough point was approached. 

Table 1. Peak height for caffeine in an 
aqueous and organic phase (caffeine 
1000 ppm, injection volume 10 ~1, 
aqueous phase demineraliaed water, 
organic phase chloroform, flow-rate 
1 ml/min, 2.5 cm corresponds to 0.016 

absorbance) 

Mean peak 
height, R.S.D. 

Phase cm (n = 3) 
Aqueous 19.67 1.4 
organic 18.73 0.7 
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Conclusion 3. 

The water-absorption column acts as a phase- 
separator as well as removing the segmentation. The 

4 
’ 

apparatus is very simple and the extraction efficiency 5. 
very high. With a disposable column the system 
would be applicable with solvent-extraction FIA. 6. 
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Summary-A highly selective and sensitive second-derivative spectrophotometric determination of iron 
is based on the extraction of the ferroin-perchlorate ion-association complex into mesityl oxide. A linear 
calibration graph is obtained for iron in the range OS-50 pg in 100 ml of original aqueous phase, with 
a detection limit of 2 ng/ml. The method is precise and reliable and has been applied to the determination 
of iron in high-purity rare-earth oxides. 

High-purity rare-earth metals and their oxides and 
salts are known to contain traces of iron. The deter- 
mination of such low quantities of iron in the pres- 
ence of large amounts of rare-earths (RE) requires a 
prior separation and preconcentration. Solvent ex- 
traction fulfils this requirement. Numerous reagents 
have been suggested for the spectrophotometric de- 
termination of iron.’ The 1, IO-phenanthroline 
method, though widely applicable for the deter- 
mination of iron, is not very sensitive and suffers 
from interference by Ni, Co, Cu, Bi and also from the 
hydrolysis of various inorganic elements. The for- 
mation and extraction of ion-association complexes 
results in higher sensitivity and selectivity. Among 
these, the extraction of the Fe(H)-3-(2-pyridyl)-5,6- 
diphenyl-1,2,Ctriazine ion-associate with tetra- 
bromophenolphthalein’2 gives greater sensitivity 
[molar absorptivity (c) 1.9 x 10’ l.mole-’ .cm-‘1 
than that of the iron(2,2’-bipyridyl tetraphenyl- 
borate” system (6 8.9 x 104) and the iron(IIkl,lO- 
phenanthroline picrate14 system (6 1.1 x 105). 

Mesityl oxide (4-methylpent-3-ene-2-one) has been 
exploited as solvent in various liquid-liquid extrac- 
tions,‘>‘* and is used here for extractive pre- 
concentration and separation of iron as the 
ferroin-perchlorate ion-associate, followed by 
second-derivative spectrophotometric determination 
of the iron. 

The proposed method permits separation of traces 
of iron from gram amounts of RE with a small 
volume of an extractant in a single extraction. The 
detection limit and precision of the procedure are 0.5 
ng/ml and 0.6% respectively. The method has been 
applied to the determination of iron in rare earth 
oxides. 

*Author for correspondence. 

Reagents 

EXPERIMENTAL 

All reagents used were of analytical reagent grade unless 
stated otherwise. All solutions were prepared with conduc- 
tivity water. 

Standard iron(lll) solution, O.OlM. Dissolve 1.597 g of 
Fe,O, hydrochloric acid (1 + l), dilute the solution to 1 htre 
(the final acid concentration should be 1 M) and standardize 
titrimetrically. Prepare working standards by suitable 
dilution. 

l,lO-Phenanthroline monohydrochloride monohydrate 
solution, 5 x IO-‘M. Dissolve 0.1 g of C,,Hr,N,CI.H,O in 
water and dilute to 100 ml. 

Hvdroxvlamine hvdrochloride solution, 10%. Prepare 
afresh daily. * 

Acetate bu&r solution, 1M, pH 5.0. Dissolve 68 g of 
sodium acetate trihvdrate in 400 ml of water, mix with 30 
ml of glacial acetic icid, adjust the pH to 5 @H-meter) and 
dilute to 500 ml. 

Sodium perchlorate solution IM. Dissolve 61 g of sodium 
perchlorate in water and dilute to 500 ml. 

A microcomputer-based spectrophotometric system was 
used, consisting of a Hitachi Model 220 double-beam 
spectrophotometer with extended program. This instrument 
has a scan-speed range of 15-480 nm/min. Two matched 
lo-mm silica cuvettes, which were periodically cleaned with 
sulphuric/nitric acid mixture and thoroughly washed with 
conductivity water, were used. The notation of amplitudes 
was the same as described eIsewhere.‘9 

Procedure 

Take a known volume of solution, containing not more 
than 50 pg of iron, in a 250-ml separating funnel, and add 
1 ml each of the acetate buffer, hydroxylamine hydro- 
chloride and l,lO-nhenanthroline solutions and 2 ml of 
sodium perchlorate solution. Adjust the total volume to 
100 ml. Add 5 ml of mesityl oxide (accurately measured) and 
shake the mixture for 1 min to extract the iron complex. 
Allow the phases to separate, and discard the aqueous 
phase. Collect the organic layer in a dry vessel containing 
anhydrous sodium sulphate, to dehydrate the extract. 
Record the second-derivative spectrum in the wavelength 
range 400-600 nm against a reagent blank treated in the 
same way. Prepare a calibration graph by similar treatment 
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of standards, covering the range O-SO pg of iron. Measure 
the amplitude of the signal as described below. 

Analysis of rare-earth metal oxides 
Dissolve 5 g of the oxide in the minimum amount of 

hydrochloric acid, add 1 ml each of the hydroxylamine 
hydrochloride, 1, IO-phenanthroline and acetate buffer solu- 
tions, and adjust the pH to 5. Transfer the solution to a 
250-ml separating funnel, add 2 ml of sodium perchlorate 
solution, adjust the volume to 100 ml, and extract etc. as 
above. 

RESULTS AND DISCURSION 

Preliminary studies on the extraction of the 
ferroin-perchlorate ion-associate showed that mesityl 
oxide and 1,Zdichloroethane are suitable solvents, 
but the distribution constant is higher for the former 
system, so this is preferred. 

Absorption spectra and spectral characteristics 

Figure 1 shows the normal absorption spectra 
obtained for a reagent blank and 5 pg of iron, 
measured against mesityl oxide. The absorption 
maximum is at 520 nm, with a broad peak. Figures 
2 and 3 show the corresponding first- and second- 
derivative spectra. The significant feature of these 
derivative spectra is the constancy of the blank signal 
over a wide wavelength range. The third- and fourth- 
derivative spectra were also recorded but were found 
not to be suitable for quantitative use. The second- 
derivative mode was chosen as it offers reasonable 
selectivity with good resolution and the amplitude 
was measured between the trough at 505 nm and the 
peak at 545 nm. 

Optimization of extraction conditions 

Of the solvents tested, the hydrocarbons, diethyl 
ether and carbon tetrachloride gave no extraction at 
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Fig. I. Absorption spectra for (A) 0 and (B) 5 pg of iron as 
the ferroin-perchlorate ion-associate extracted into mesityl 

oxide. Scan speed 60 nm/cm, bandwidth 2 nm. 
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Fig. 2. First-derivative for (A) 0 and (B) 5 pg of iron as the 
ion-associate extracted into mesityl oxide. AL = 8 nm; other 

conditions as for Fig. 1. 

all, and only mesityl oxide and 1,Zdichloroethane 
gave virtually complete extraction (distribution 
coefficients > lo5 and > 10’ respectively). Mesityl 
oxide was preferred as it offers higher precon- 
centration. 

The second-derivative amplitude for 5 pg of iron 
was found to remain constant over the pH range 2-9, 
and pH 5 was chosen as optimal. 

It was found that for a constant and maximal 
second-derivative amplitude the aqueous phase 
should contain a minimum of 2 ml of 0.02% 
1, IO-phenanthroline solution and 1.6 ml of 1M so- 

0.02 

"x 
a 

P 
a 
N 
D 

-O.Oi 

4 500 580 

Wavelength (nm) 

Fig. 3. Second-derivative spectra (conditions as for Fig. 2). 
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dium perchlorate. Excess of these two reagents does Table 1. Determination of iron in 99.9% pure 
not alter the extraction characteristics. rare-earth metal oxides* 

Hydroxylamine hydrochloride and ascorbic acid 
were tested and no significant difference was observed 
in their efficiency for reduction of iron(II1) under the 
conditions used. 

Constant second-derivative amplitudes were ob- 
tained when the V,/VO, ratio was changed from 1 to 
25 for various concentrations of iron. A shaking time 
of 30 set was found to be sut?lcient for the quan- 
titative extraction into mesityl oxide when V,/V_ 
was 25: 1. 

The log D vs log [ClO;] method confirmed that a 
1: 2 ferroin-perchlorate ion-associate was formed and 
extracted, as expected. 

Optimization of photometric conditions 

Iron 
added, Iron found, 

samp1et WI8 Crgh 

L+O, - 1.02 
Pr20, - 

0.02 - 0.02 
0.05 

NdzO, - l?? 
Smz03 - - 

0.05 0.05 
EuzO3 - 61.4 
22 - 

D y:d, 
- df 
- 911 

Y203 - 13.0 

$2 pure) - 
241 

The second-derivative amplitude for 5 pg of iron 
was essentially the same for scan-speeds ranging from 
15 to 240 mn/min, and a speed of 60 nm/min was 
chosen as giving reasonably short analysis times 
together with maximum amplitude. 

*Supplied by M/s. Indian Rare Earths Ltd., 
Alwaye. 

tFive g dissolved in 100 ml of IM hydro- 
chloric acid. 

When the bandwidth was varied in the range 0.14 
nm the noise signal was minimal and constant 
for bandwidths ranging from 1 to 4 mu (scan-speed 
60 nm/min, A18 nm), and a bandwidth of 2 nm was 
chosen as optimal. 

tests. It is clear that the procedure is suitable for 
rapid, reliable and precise determination of ultratrace 
amounts of iron in high-purity rare-earth metal 
oxides. 
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Slmunuy-Separation by solvent extraction followed by X-ray fluorescence spectrometry has been used 
for determination of molybdenum and tungsten in rocks and minerals. Samples are decomposed either 
by heating with a mixture of hydrofluoric acid and perchloric acid or by fusion with potassium 
pyrosulphate, followed by extraction of molybdenum and tungsten with N-benxoylphenylhydroxylamine 
in toluene from 4-5M sulphuric acid medium. The extract is collected on a mass of cellulose powder, which 
is dried in vacuum, mixed thoroughly and pressed into a disc for XRF measurements. The method is free 
from all matrix effects and needs no mathematical corrections for interelement effects. The method is 
suitable for determination of molybdenum and tungsten in geological materials down to ppm levels, with 
reasonable precision and accuracy. 

Murata et al.’ have proposed a method for deter- 
mination of iron, cobalt, nickel, copper, lead and zinc 
at ng/ml levels in water samples by liquid-liquid 
extraction of the diethyldithiocarbamate complexes 
into di-isobutyl ketone, followed by XRF measure- 
ments of the separated fractions. In their method a 
100~~1 portion of the organic extract was loaded on 
a fllter paper for the XRF measurements. Such a 
technique is, however, not suitable for application to 
rocks and minerals because it will not fulfil the 
desired sensitivity requirements. We here describe a 
liquid-liquid extraction and XRF method which is 
suitable for determination of low amounts of molyb- 
denum and tungsten in rocks and minerals. In this 
method molybdenum and tungsten are simulta- 
neously extracted with N-benxoylphenylhydroxyl- 
amine (BHPA) into toluene, and the organic phase is 
separated and mixed with cellulose powder, which is 
then pelleted by a novel technique. XRF measure- 
ments on the pellet permit determination of molyb- 
denum and tungsten within wide ranges in silicate 
rocks and minerals. 

EXPERIMENTAL 

Instrutnent 
A Philips model PW 1410 X-ray fluorescence spec- 

trometer with a PW 1130 X-ray generator was used, with a 
rhodium X-ray tube operated at 55 kV and 30 mA, an LiF 
crystal and scintillation detection. The X-ray lines used (20) 
were Ka 20.33” for MO and L& 43.02”for W. 

Reagents 
Standard solutions (1000 pg/ml) of molybdenum and 

tungsten were prepared from the corresponding pure oxides 
by dissolving them in dilute sodium hydroxide solution, 
followed by acidification with dilute sulphuric acid. Further 
dilutions were made as necessary before use. BPHA reagent 

(0.2%) was prepared by dissolving N-benxoylphenyl- 
hydroxylamine in toluene. All chemicals used were of ana- 
lytical reagent quality. Whatman CF-II cellulose powder 
was used for pellet making. 

Sample &composition 
Powdered samples (0.5-l g) of silicate rocks, sulphide 

ores and concentrates are decomposed either by digestion 
with a mixture of hydrofluoric acid and perchloric acid, or 
by fusion with potassium pyrosulphate followed by dis- 
solution of the fused mass in 10 ml of 5% tartaric acid 
solution and dilution to a volume of 50 ml. Details of the 
decomposition procedure are available from our earlier 
publications.2’ 

Liquid-liquid extraction 
An aliquot of the sample solution containing IO-200 Ig 

of molybdenum and/or t~ungsten is mixed in a small s&u: 
atorv funnel with 30 ml of 9M sulnhuric acid and diluted 
with water to about 60 ml, then shaken with 2 ml of 2% 
BPHA solution for 1 min. The layers are allowed to separate 
and the aqueous phase is discarded. The organic phase is 
washed with two S-ml portions of 10% v/v sulphuric acid. 
the washings being discarded. The organic phase is then 
transferred to a dry beaker containing 0.5 g of cellulose 
powder and rinsed in with a little toluene. The maas is 
thoroughly mixed by stirring with a polythene rod and dried 
in a vacuum oven at 60”. The dried mass is homogeniaecl in 
a mixer mill for 5 min and used for pellet making. 

Preparation of pellet and XRF measurement 
The dried loaded cellulose powder is poured into the 

sample cylinder inside the die for disc-making as shown in 
Fig. I, and spread uniformly over the bottom plate of the 
die with a polythene rod. Boric acid (10 g) is placed in the 
annular space to form a ring around the sample cylinder, 
which is then slowly taken out, allowing the boric acid 
powder to spread over the cellulose mass. The maas is next 
subjected to a pressure of about 2 tons/cm2 with the help of 
a hydraulic press. The disc thus formed is taken out and the 
bottom side of this disc, with the cellulose mass fixed at the 
centre of its surface, is used for XRF measurement. 

The XRF measurements are made with an ahminium 
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(C) Die with sample cylinder 

(d) Sample disc 

mask (hole diameter 19 mm) placed over the disc to ensure 
that only the cellulose mass is exposed to the X-ray beam. 
The ratio technique is used, in which the count (corrected 
for background) for a standard or sample is divided by the 
correspondingly corrected count for reference standard disc. 
In this way any instrumental drift is taken care of. Back- 
ground intensities are measured at the same Bragg angles, 
with a blank prepared along with the samples and by exactly 
the same procedure. A series of standard discs is prepared 
by applying the procedure to standard solutions containing 
0, 10,20,50, 100 and 200 pg amounts of molybdenum and 
tungsten. This calibration provides a straight line, with no 
matrix correction. 

RESULTS AND DISCUSSION 

Extraction with BPHA in toluene from 4-W 
sulphuric acid separates molybdenum and tungsten 
from a large number of metal ions.’ Only titanium, 
vanadium, tin, niobium and tantalum are also ex- 
tracted under these conditions, but these elements 
(except titanium) are not expected to be present in 
large amounts in common rocks and minerals. It has 
been observed that these elements, even if present in 
1000-fold ratio to the analytes, do not cause any 

Table 1. Determination of MO and W in rocks and minerals 

MO W 

Present Other Present Other 
Sample method methods method methods 

Scheelite-bearing rock-l 62 ppm 60a ppm 0.14% O.l3%b 
Scheelite-bearing rock-2 13 ppm 14’ ppm 0.29% 0.30%b 
Scheelite-bearing rock-3 32 ppm 35p ppm 0.03% 0 03%b 
Copper sulphide ore-l 80 ppm IY ppm 120 ppm 122; ppm 
Copper sulphide ore-2 147 ppm 144a ppm 183 ppm 188b ppm 
Copper concentrate-l 106 ppm 100’ ppm 115 ppm 1 18b ppm 
Lead-zinc ore, MP-la (CANMET) 286 ppm 2905 ppm 390 ppm 
Mo-W ore, MP-2 (CANMET) 0.28% 0.28%d 0.63% 76;;: . 0 
Andesite, AGV- 1 (USGS) 3.4 ppm 3 f 1’ ppm - - 

‘Chelate extraction, flame AAS.’ 
bChelate extraction, flame AAS.l 
CCANMET Report No. 82-14E (1982), private communication. 
dCANMET Report No. 83-14E (1983), private communication. 
eRecommended value from Gladney et al.‘) 
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interference in XRF measurements for molybdenum 
and tungsten. Zirconium is partially extracted and 
may cause interference (MO K,-Zr Z$) in the molyb- 
denum measurement, if present in more than SO-fold 
weight ratio to molybdenum. 

An important aspect of this method is the disc 
preparation technique which provides a disc without 
sample dilution. This advantage is never available 
with the conventional flux fusion or pressed pellet 
techniques commonly employed in geoanalysis. By 
the combined effect of the proposed chemical pro- 
cessing and the disc-making technique we enrich 
the analyte concentration by a factor of 2-4, thus 
obtaining correspondingly lower detection limits. 

The proposed method has been applied to the 
determination of molybdenum and tungsten in a 
number of silicate rock and sulphide ore samples and 
the results have been compared with those obtained 
by other methods (Table 1). A number of standard 
reference samples, viz. AGV-1 (USGS), MP-2 (CAN- 
MET) and MP-la (CANMET) have been analysed 
for molybdenum and tungsten by the proposed 
method and the results found to compare favourably 
with the reported values. The RSD obtained by 
replicate analysis (n = 5) of one sample, MP-la, are 

4.8% for MO and 6.5% for W. Thus the proposed 
method offers reasonable precision and accuracy and 
may be applied for the determination of molybdenum 
down to 2 ppm and tungsten down to 10 ppm in 
diverse types of rocks and minerals. Both sample 
decomposition techniques are equally efficient for 
ores and concentrates, but the acid attack method is 
preferable for silicate rocks, where large samples 
(>0.5 g) are decomposed. 
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S--The distribution equilibrium of the lead-cnha complex in the water-methyl isobutyl ketone 
(MIBK) system has been studied at 25”. From graphical treatment of the equilibrium data, it was deduced 
that PbL, is the complex extracted. By use of the program LETAGROP-DISTR, values for the 
distribution and the stability constants of PbL, have been calculated: log K, = 1.84 kO.11; log 
/I, = 6.68 f 0.09 and log & = 10.28 f 0.09. On the basis of these results and those of previous studies, a 
method for determination of lead(II), copper and cadmium(H) by atomic-absorption spectrometry, 
after extraction with cnha and 4-methylpyridine into MIBK, is proposed. 

N-Cyclohexyl-N-nitrosohydroxylarnine (cnha) has 
been studied as an extractant for copper and cad- 
mium into methyl isobutyl ketone (MIBK). For 
copper, a good recovery was obtained and the 
system was proposed for the separation and pre- 
concentration of copper in natural waters and 
subsequent determination by atomic-absorption 
spectrometry (AAS).’ For cadmium, the ternary com- 
plex Cd-cnha4methylpyridine gave higher recovery 
in extraction into MIBK than did the binary complex 
Cd-cnha.* These two metals, together with lead, must 
frequently be determined in natural waters. Cadmium 
and lead are considered by the Environmental Pro- 
tection Agency (EPA) to be important pollutants 
because of their toxicity even at low concentration. 

The usual method for heavy metal determination 
in natural waters is AAS in the flame mode, 
which requires an extraction procedure for samples 
with low metal concentrations. Ammonium pyr- 
rolidinedithiocarbamate (apdc) dissolved in MIBK is 
recommended in standard methods” as an extractant 
for determination of low concentrations of several 
metals, including cadmium, copper and lead. Other 
extraction systems have also been proposed for these 
elements.c* 

In this paper we report a study of the distribution 
equilibria of lead(I1) with cnha between aqueous 
phases and MIBK. The distribution constant and 
the stability constants, in water, of the Pb(II)-cnha 
complexes are given. As a consequence of this distri- 
bution study and of earlier studies,19* a method for 
copper, lead and cadmium determination by AAS in 
natural waters, with cnha and Cmethylpyridine as 
extractants, has been developed. 

Apparatus 

EXPERIMENTAL 

A double-beam Perkin-Elmer 4000 atomic-absorption 

spectrophotometer, with lead, cadmium and copper hollow- 
cathode lamps and an air-acetylene flame or P&kin Elmer 
HGA-500 graphite furnace was used. 

A Radiometer pHM 64 pH-meter, equipped with a 
glass-calomel electrode pair, standardized with buffer solu- 
tions at DH 4.008 and 6.865 (25”) ~remared from Merck salts 
according to DIN 19266, was &o used. 

Reagents 

The sodium salt of N-cyclohexyl-N-nitrosohydroxyl- 
amine was obtained from the potassium salt (BASF) as 
described earlier.’ 

A stock solution of lead (1 g/l.) was prepared by dissolving 
the metal (analytical-reagent grade) in perchloric acid. 

The stock solutions of copper and cadmium were made 
as described earlier.‘** 

4-Methylpyridine, 96% pure (Fluka). 
All other reagents were of analytical grade and used 

without further purification. 

Procedures 

Distribution of lead(H) complex. Ten ml of aqueous phase 
saturated with the organic solvent and containing an appro- 
priate concentration of lead and the sodium salt of cnha 
were shaken with 10 ml of MIBK, saturated with water, in 
a thermostatic bath at 25.0 f 0.1”. The pH of the aqueous 
phase was adjusted with perchloric acid, and sodium 
perchlorate was added to give a constant ionic strength of 
0.1. After phase separation, the concentration of lead in the 
aqueous phase was determined by atomic-absorption spec- 
trometry at 283.4 mn, with an air-acetylene flame or a 
graphite furnace, according to its concentration. The metal 
concentration in the organic phase was determined by the 
same technique after a back-extraction with 0.5M perchloric 
acid. 

Determination of copper, cadmium and lead in water 

Water (100 ml) containing Cu(II), Pb(I1) and Cd(I1) 
between 10 and 50 pg/l., 15 and 250 pg/l. and 0.5 and 
20 pg/l. respectively, 0.15 ml of concentrated nitric acid, 
I ml of 1.7% cnha solution, 5 ml of 5.OM aqueous 
4-methylpyridine solution and 10 ml of MIBK were trans- 
ferred into a separating funnel. After 1 min of shaking, the 
aqueous phase was discarded and the organic phase was 
aspirated into the air-acetylene flame of the atomic- 
absorption spectrophotometer. 
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1 2 3 4 5 6 7 

PH 

Fig. 1. Influence of pH on the distribution ratio of 
Pb(II). C, = 4.90 x lo-‘M; Ccnha = A 5.0 x IO-‘M, . 
1.0 x IO-*M, 0 5.0 x IO-‘M, 0 1.0 x 10e3M. The ftil 
lines were calculated with the program HALTAFALL and 

the constants given in Table 1. 

RESULTS AND DISCUSSION 

Distribution of the lead complex in the water-MIBK 
system 

Influence of shaking time. The log D values 
obtained at pH 3.45 with shaking times between 
1 and 25 min show that the distribution equilibrium 
is attained after 1 min of shaking. In subsequent 
experiments an extraction time of 15 min was 
adopted, although a much shorter time would have 
been adequate. 

Infruence of ionic strength. The ionic strength of the 
aqueous phase was varied between 0.01 and 1 .OOM by 
addition of sodium perchlorate. The log D values, at 
constant pH and cnha concentration, were indepen- 
dent of ionic strength over the range studied. 

Influence of metal concentration. Varying the 
lead concentration between 1.93 x 10w5M and 
1.22 x 10m4M, at pH 7.60 and with a cnha concen- 
tration of 1.00 x lo-‘M, had no effect on the distri- 
bution ratio, which suggests that only mononuclear 
species are extracted. 

Influence of pH and cnha concentration. The 
influence of pH on the distribution ratio was studied 
for four different ligand concentrations. The various 
pH values were obtained by addition of dilute 
perchloric acid to the aqueous phase. The results are 
shown in Fig. 1. To examine the influence of the cnha 
concentration on the distribution ratio, at constant 
pH, the values of log D corresponding to each reagent 
concentration were calculated from the curves in 
Fig. 1 at pH 2.50, 3.00, 3.50 and 4.00. These values, 
plotted against log [HL],, are shown in Fig. 2. 

Composition of the extracted species and calculation of 
the equilibrium constants 

In the ranges of pH and metal concentrations 
studied in this work, the presence of hydroxo- 
complexes of Pb(I1) can be neglected.9 Likewise, 

variation of the lead concentration demonstrated that 
only mononuclear species are extracted. If only the 
metal complex MLJHL), is extracted and species 
other than ML, can be neglected in the aqueous 
phase, the following equation can be derived: 

log D = log K 

+ (m + n - x) log[HL], + (n - x) pH (1) 

where K = &K,&K~-“//I,K~~“; (ji = formation 
constant of ML,; K, = distribution constant of 
ML,; K,,, = adduct formation constant, K, and 
KDR = dissociation and distribution constants of the 
reagent, respectively). 

Graphical treatment. The curves shown in Fig. 1 
have, at pH < 4.0, linear segments with slopes 
between 1.1 and 1.4. Similarly the straight lines in 
Fig. 2 have slopes in the same range. This suggests 
that the predominant species in the aqueous phase at 
pH ~4.0 is PbL+, whereas the neutral complex 
PbL, is extracted into the organic phase [m = 0, 
n = 2, x = 1, in equation (l)]. When log D becomes 
independent of pH and of the reagent concentration, 
the complex PbL, is predominant in both phases 
(n = x = 2) and log D = log K, = 1.81 f 0.04. 

To calculate the stability constants /I, and /I2 of 
PbL, in the aqueous phase, Sillen’s curve-fitting 
methodlo was applied, with the normalized curves 
described before.2 The values obtained by this 
method are given in Table 1. 

Numerical treatment. The proposed model was 
checked by analysing the data with the program 
LETAGROP-DISTR.” The values of the constants 
refined by means of the program are given in 
Table 1; they are in good agreement with the values 
obtained graphically. 

‘r 

I I I I 
-3 -2 -1 

Log (cnholo 

Fig. 2. Distribution of Pb(II) as a function of the qui- 
librium concentration of cnha in the organic phase. 
C,, = 4.90 x IO-‘&f; pH = A 2.50, A 3.00, l 3.50, 0 4.00. 
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Table 1. Equilibrium constants for extraction of Pb(I1) with cnha into methyl isobutyl 
ketone 

Method log K& log B: log 8: oOog D)t 
Graphical 1.81 7.10 10.70 
LETAGROP-DISTR 1.84kO.11 6.68 f 0.09 10.28 f 0.09 0.0561 

*The limits 8iven correspond to 3 standard deviations (3~). 
ta(log D) = @(log DuP - log D,,$/IV)“~. 

Table 2. Performance characteristics of the methods for the determination of copper, 
cadmium and lead with caha4methylpyridine or apdc 

Metal 

Copper 

Cadmium 

Lead 

Detection 
Extra&at limit, pggll. Precision, % Accuracy, % 

cnha4methylpyridine 5.1 0.9 100.0 
apdc 0.8 3.6 90.5 
cnha-4-methylpyridine 0.4 1.1 100.2 
a& 0.4 17.8 123.3 
cnha-4-methylpyridine 10.8 4.4 95.0 
apdc 11.3 12.5 86.1 

\ [PbL’l. / 

[PbL21w 

, J 
1 2 3 4 5 6 7 6 

PH 

Fig. 3. Distribution diagram. Cd, = 1.0 x IO-‘M. 

The distribution of lead among the various species, 
and the theoretical log D values, were calculated 
with the program HALTAFALL.‘* The calculated 
log D values are plotted in Fig. 1, along with the 
experimental points. The distribution diagram is 
shown in Fig. 3. 

Determination of copper, cadmium and lead in water 

The high recoveries of lead and copper’ with cnha, 
as well as of cadmim with cnha and 4-methyl- 
pyridine,* in MIBK, led us to study the application 
of the system cnha4methylpyridineMIBK to the 
extraction and determination of these metals in water 
by AAS. 

Although lead and copper are nearly completely 
extracted at pH 4.5 and 5.5, respectively, pH 2 7.0 is 
necessary for cadmium. A pH of 7.3 is easily obtained 
by means of 4-methylpyridine, which is used as a 
second ligand, and a few drops of nitric acid. 

The accuracy was evaluated by known-addition 
recovery experiments with samples of 100 ml of water 
containing, 1 pg of Cu(Il), 5 pg of Pb(II) or 0.5 pg 
of Cd(H), The precision (relative standard deviation) 

was determined by extracting three series of ten 
identical samples containing 29 pg/l. Cu(II), 82 pg/I. 
Pb(I1) or 15 pg/l. Cd(I1). The detection limit was 
calculated’3 as three times the standard deviation of 
the blank. 

The results are summarized in Table 2, together 
with some obtained with apdc,i4 by the method 
recommended by APHA-AWWA-WPCF.’ 

From the performance parameters given in Table 2 
it can be seen that the proposed extraction with cnha 
and Cmethylpyridine into MIBK has better accuracy 
and precision than the apdc method. The detection 
limits for Pb(I1) and Cd(II), metals considered as 
“priority” pollutants, are similar for the two 
methods. 
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APPLICATION OF FACTOR ANALYSIS TO THE STUDY 
OF THE FORMS OF SUCCINYLFLUORESCEIN PRESENT 

IN BUFFER SOLUTIONS IN AQUEOUS METHANOL 

F. AMAT-GWRRI*, M. E. MARTIN, J. SANZ and R. MARTINEZ-UTRILLA~ 
Instituto de Quimica Organica General, C.S.I.C., Juan de la Cierva 3, 28006 Madrid, Spain 

(Received 5 December 1986. Revised 21 February 1988. Accepted 8 December 1988) 

Summary-The pH-dependent forms adopted by the xanthene dye succinylfluorescein in 1: 1 v/v aqueous 
methanol buffers have been deduced from factor analysis of absorbance data measured at six wavelengths 
in the visible region, and sixteen pH-values. It is concluded that a protonated species and a doubly-charged 
anion are the only absorbing species at the two ends of the pH-range studied, 1.40-9.77, and the qninonoid 
neutral and singly charged anion forms, both with similar absorption properties, are the major 
components in the pH-range 5-6. A colourless minor compound may also be present at around pH 4. 
Apparent pK values corresponding to the three ionizations involved are 2.90,4.60 and 6.80, as determined 
by potentiometry. 

SuccinyhIuorescein, SF, prepared by condensing suc- 
cinic anhydride and resorcinol,‘” is in many respects 
analogous to fluorescein. It fluoresces strongly in the 
green-yellow region’ and can exist in various tau- 
tomeric forms. Our interest in preparation of soluble 
dye-based polymeric photosensitizers led us to exam- 
ine its tetraiodo and tetrabromo derivatives as poten- 
tial oxidation sensitizers, by analogy with erythrosin, 
eosin, Rose Bengal, etc. s*6 A consequent study of the 
structures and tautomeric equilibria involved in the 
parent compound SF led us to discover’ that in 
methanol solution the neutral quinonoid form SFQ 
initially present changes in part to the colourless 
tautomer SFE, possessing an ethylene bond. The 
intermediate xanthydrol compound SFXMe, also 
colourless and produced by 1 ,daddition of solvent to 
the quinone-methine group of SFQ, was also de- 
tected. However, solutions of recent preparations of 
SF in 1: 1 v/v aqueous methanolic buffers have stable 
visible spectra, suggesting the absence of tautomeric 
changes. 

We report here on the spectral evidence supporting 
the presence of the pH-dependent forms SFC, SFQ, 
SFM and SFD, as major components in these 
aqueous methanol solutions and its interpretation by 
application of factor analysis.“‘* SFM and SFD are 
the singly and doubly charged anions, respectively. 

“oyou “OTO 

St-2 SF0 

*To whom inquiries should be directed. 

SFM SFD 

my OH H”ygfoH 
SFE SFXMe 

SFL 

EXPERIMENTAL. 

Portions (0.6 ml) of a methanolic 5.77 x 10e4M stock 
solution of succinyh%torescein, purified as already de- 
scribed,’ were mixed with 5.0-ml portions of various buffers 
(all adjusted to ionic strength 0. 1M with potassium chloride) 
and diluted to 10.0 ml with methanol to give a 5al dye 
concentration of 3.46 x 10-sM. The resulting apparent pH 
of each solution at 25” was measured with a Crison pH- 
meter calibrated with standard aqueous buffers, without 
correcting for solvent effects. The absorbances of 16 solu- 
tions with apparent pH values between 1.40 and 9.77 were 
measured at 25” in l-cm path-length cuvettes with a Perkin- 
Elmer 554 digital recording spectrophotometer at 430,440, 
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ai,i 

1 

+ 

1 

ai, j 

0 + 
0 

492 nm 

CT 

3 . 440nm 

Fig. 1. Graphical representation of the data matrix A. 
Solution absorbances Ai,j as a function of pH (i) and 

analytical wavelength (j). 

455, 470, 483 and 492 nm. The absorbance measurement 
error was less than 0.002, and the estimated total experi- 
mental error in the absorbance was less than 0.005. The 
absorbances change linearly with concentration in the range 
studied. Only the salt SFD presents, at the highest absorb- 
ance values measured, maximum deviations of 5%. Pro- 
grams were written in BASIC for principal-component 
analysis and matrix target transformation. 

The potentiometric titration was performed at 25” with a 
Radiometer ‘ITA pa-stat coupled to a Radiometer pHM 
28 pH-meter calibrated as before. A O.OOlM solution of 
succinylfluorescein in alkaline 1: 1 v/v methanol-water mix- 
ture was titrated, under a nitrogen atmosphere, with 0.05M 
hydrochloric acid in 1: 1 v/v methanol-water ionic strength 
O.lM (potassium chloride). The pK values (means of two 
determinations, error less than 0.02) were calculated by 
computer simulation of the potentiometric curves. 

RESULTS AND DISCUSSION 

The 16 x 6 experimental matrix A of the absorb- 
ance values A,,, measured at pH i and wavelengthj is 
graphically presented in Fig. 1, which shows the 
red-shift occurring as the pH is increased and the 
system changes from SFC to SFD. 

The Lambert-Beer law for unit path-length can be 
expressed in matrix form as 

A=FE (1) 

where F and E have dimensions 16 x n and n x 6 

respectively, n being the number of factors (com- 
ponents). The matrix elements are defined as follows: 
& is the molar fraction of component k at pH i; Ek,, 
is the absorbance of component k at wavelength j and 

concentration 3.46 x lo-‘M. Equation (1) is the 
starting point for the factor analysis. 

The matrix was first submitted to principal- 
component analysis. The largest eigenvalues obtained 
for n = l-6 are recorded in Table 1. There is a severe 
drop in eigenvalue when n is changed from 3 to 4, 
indicating that the absorbance data can be described 
adequately by three components. The absorbance 
matrix reproduced by using the abstract matrices Fa 
and E, corresponding to the first three principal 
vectors agrees with that conclusion, since the calcu- 
lated root mean-square error (RMS) of the absorb- 
ance residuals is 0.0049. This is comparable to the 
estimated experimental error and confirms that a 
proper number of factors has been chosen. 

This appears to contradict the statement that the 
system is regarded as composed of four components, 
but inspection of the structural formulae of SFQ and 
SFM shows that both have the same chromophore 
(the unionized xanthene group) responsible for the 
absorption in the visible region, and it is known that 
the carboxylate anion has a negligible effect on the 
absorption by such a group.‘*” Consequently, the 
equilibrium SFQ;-“SFM in the series 

SFC & SFQ & SFM & SFD (2) 

cannot be detected spectrophotometrically. In other 
words, the set of equilibria will behave as a three- 
component system for which the following equalities 
hold: 

E SFQ.j = EsFM.j - - 4.j; 4. SFQ + 4, SFM = 4.2 (3) 

The values of matrices F. and E, do not have any 
physical significance. In order to make these values 
represent molar fractions and absorbances, re- 
spectively, while keeping their ability to reproduce 
the data matrix A, we have carried out an iterative 
target combination procedure. Attention was first 
focused on the abstract column matrix E,. A model 
or test matrix E, (Table 2) was constructed by means 
of the data matrix rows situated near the extreme 
pH-values used. The protonated SFC and fully dis- 
sociated SFD forms were assumed to be the only 
species present at pH 1.40 (SFC) and pH 9.77 (SFD) 
respectively. In this way, the row vectors e,,j and e3,j 
could be equated with the data row vectors P,,~ and 
a,6,j respectively. The row vector e2,j was also esti- 
mated by accepting that at pH values in the ranges 
1.4-2.4 and 7.8-9.8 the system could be treated 
approximately as being constituted by SFC + SFQ 
and SFM + SFD, respectively, so that the ionization 
constants K, and K, can then be estimated (see 
Appendix). 

Table 1. First six largest eigenvalues proceeding from 
principal component analysis of the data matrix A 

n= 1 2 3 4 5 6 
68 14 0.98 1.5 x lo-’ 8.4 x lo-’ 2.5 x lo-’ 



706 ANALYTICAL DATA 

Table 2. get of E matrices 

Matrix k 430 440 455 470 483 492 

1 0.165 0.216 0.288 0.358 0.566 0.628 
g. : -0.602 -0.660 0.237 -0.011 0.186 0.332 

0.272 0.192 -0.546 -0.569 -0.082 0.511 

i 
1.237 1.351 0.428 0.085 0.046 0.034 

E, 0.457 0.554 0.647 0.744 0.675 0.398 
0.176 0.283 0.698 1.100 2.046 2.452 

1 1.239 1.348 0.430 0.082 0.048 0.033 
g, 2 0.431 0.559 0.715 0.690 0.656 0.419 

3 0.171 0.286 0.703 1.101 2.036 2.458 

1 1.234 1.341 0.421 0.073 0.038 0.026 
E, 2 0.457 0.593 0.758 0.733 0.701 0.453 

3 0.170 0.284 0.703 1.102 2.040 2.463 

1 1.242 1.349 0.421 0.070 0.034 0.023 
E, 2 0.467 0.605 0.774 0.748 0.714 0.461 

3 0.169 0.283 0.703 1.102 2.041 2.465 

With the aid of &, a first transformation matrix 
G was calculated by least-squares, to give 

E,=GE,mEI (4) 

which allowed E, to be obtained. Fr was then calcu- 
lated by the same type of transformation through 
expression (S), where G-l denotes the inverse of G. 

A w F,G-‘GE, = F,El (5) 

After conversion of F, and E, into the real matrices 
F, and El by using E, as a model matrix, we tried to 
improve the quality of the row matrices F by applying 
the target-testing procedure to them. The model or 
test F-matrix was obtained from the one previously 
calculated, by converting the negative values into 
zeros and normalizing those row vectors having sums 
> 1. Both modifications are obvious if we recall that 
these matrices represent molar fractions. 

The first test matrix F,, serves to initiate a new 
transformation process by use of expressions similar 
to (4) and (9, e.g., 

F,, = GF, = F, (6) 

In this way, a series of couples of F and E matrices 
was generated, and after each cycle a partial RMS for 
the new E was calculated, with matrix E, as refer- 
ence. The term partial is employed because only the 
row vectors e,,j and e3 j were used. ez, was excluded 
from the RMS determination because its estimation 
was less reliable than those made with the two 
extreme vectors. The process was discontinued after 
only two iterations, the partial RMS having reached 
a minimum. The final E (E,) is given in Table 2, 
where the small but significant difference between 
the initial and final row vectors erJ can be seen. 
Differences between the other two vectors are prac- 
tically negligible. 

The final F (F,) is shown graphically in Fig. 2. At 
pH around 6, SFQ and SFM are practically the sole 

constituents of the system. Hence, the spectrum at 
this pH should be that for the unionized xanthene 
group, the ionization of which is completed at the 
basic edge of the pH systems in accordance with the 
estimated &-value. The pH-region where neutral- 
ization of SFC takes place also agrees with the 
estimated &value. Nevertheless, it is worth noting 
the appearance of a narrow pH-interval, around a 
value of 4, in which the sum of the molar fractions 
is less than unity. Since the whole series of F matrices 
generated shows this peculiarity, we think that it must 
correspond to a real factor. A similar deviation, in the 
same pH-interval, has been found in the factor 
analysis of a smaller absorbance data matrix ob- 
tained in similar experimental conditions for the 
methyl ester of SF, although this compound is some- 
what unstable in basic media. In SF solutions, an 

l.Od 

x 
2 

- 0.5- 

o- 
t I 1 I 

0 2 4 6 8 pH 10 

Fig. 2. Graphical representation of the final F matrix. Molar 
fractions& of component k as a function of pH. Upper 
curve: differences from unity, of the sum of the calculated 

molar fractions of the three components. 
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explanation could be the presence of as much as 10% 
of colourless forms. In our opinion, the xanthydrol 
compound SFXMe, already found in pure methanol 
medium,’ could be the main species responsible for 
this deviation from unity, since the ethylene tautomer 
SFE would cause absorbance increments at about 
322 nm (position of maximum absorption of this 
compound in methanol), that are not observed ex- 
perimentally. The colourless lactone form SFL has 
not been detected in methanol medium’ and its 
absence in aqueous methanol buffer media is sup- 
ported by the already reported results obtained for 
the methyl ester of SF, a compound that cannot form 
a lactone. 

To investigate the pK, value and, at the same time, 
to check the validity of the assumptions made for the 
estimations of pK, and pK,, a more concentrated SF 
solution was potentiometrically titrated under the 
same conditions. The aliphatic carboxylic group in 
SFQ has a pK, value of 4.60. The value obtained for 
pK,, 2.90, is close to the estimated value, 3.0. How- 
ever, a significant difference was found between the 
potentiometric pK, value, 6.80, and the estimated 
value, 7.1, The reason for this difference could be that 
the spectra of forms SFQ and SFM are not identical, 
as was assumed here. 

APPENDIX 

Estimation of matrix E is based on the assumptions 
summarized in formulae (7)-(R)). The first two correspond 
to the extreme acidic edge of the pH-interval studied, (7) 
holding for pH 1.40 and (8) for values slightly higher. 
Similarly, the extreme basic edge is represented by expres- 
sions (9) for pH 9.77, and (10) for pH close to this value. 

A,,j= EsFc,jw E,,,; F,,, = 1.0 (7) 

Ai.,= EsFc,jFi I +ESFQ,j&,SFQ; 4, I + FSSFQ = 1.0 (8) 

A16,j=ESFD./=J%j; F16.3’ 1.0 (9) 

A,j=ESFD,jF,,3+EsFM,jF,.SFM; F,~+&,SFM= 1.0 (10) 

With these formulae and assuming that compounds SFQ 
and SFM have the same absorption properties in the visible 
region, expressions (11) and (12) can be deduced: 

Ac,=E,j+[H’I(A,,j-A,,)IK, (11) 

A,, = 4.j + K3(AlG.j- A,/Y[H+ 1 (12) 

As expected, a linear relationship was observed in the 
proximity of the extreme pH values when A,, was plotted 
0s. [H+W, - 4,jX or (A1.5~ -A,,)/[H+] and allowed us 
to calculate the row vector ez j and the ionization constants 
K, and K, (9.4 x lo-’ and 7.5 x lo-*, respectively). 
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ANNOTATION 

RAPID DECOMPOSITION AND DISSOLUTION OF SILICATE 
ROCKS BY FUSION WITH LITHIUM TETRABORATE 

AND LITHIUM SULPHATE 

NOBUTAKA YOSHIKUNI 

Laboratory for Analytical Chemistry, Faculty of Engineering, Chiba University, Yayoi-cho, Chiba, Japan 

(Received 14 September 1987. Reoised 28 October 1987. Accepted 9 December 1988) 

Summary-Fusion with 1.0 g of Li2B,0rLi2S0, (2: 1) mixture in a platinum crucible at 1000” will 
decompose 0.1 g of silicate rock in less than 10-15 min, and the cooled fusion cake can be completely 
dissolved by 20 ml of 1.2M hydrochloric acid at 90-100” in - 5 min. 

The rapidity of wet analysis of silicate rocks, minerals 
and ores can be enhanced by use of fast and efficient 
methods of decomposition and/or dissolution. Two 
approaches are taken to this problem: wet decom- 
position with mixtures of hydrofluoric acid and min- 
eral acid or fusion with various combinations of 
alkali-metal carbonate, peroxide, hydroxide, borate, 
and boric acid. 

The wet methods use HF, HF/HCl, HF/HNOS, 
HF/HNO,/HClO, and HF/H2S04 mixtures as the 
acid system,’ but often require a long time for 
complete decomposition of silicate rocks and ores. 

The fusion and sintering methods use sodium 
carbonate,z sodium hydroxide/sodium peroxide,2 
boric oxide,z*3 metaborates (MB02),2-5 tetra- 
borates (M2B,0,)2J and boric acid/carbonates 
(HaB0,/M2C0,).6p’ The decomposition time is 30 min 
for silicates with sodium carbonate fusion* and the 
sintering time 30-60 rnin for silicates with sodium 
hydroxide/sodium peroxide* at 440”. Burman et aL4 
reported that silicate rocks can be fused with lithium 
metaborate in a graphite crucible at looo” in under 
30 min and the cooled fusion cake can be dissolved in 
dilute nitric acid in 3-4 hr. 

Geological samples can be fused with lithium 
metaborate5 in 15 min and the cake dissolved in warm 
dilute nitric acid in 30 min. 

Govindaraju et a1.6 have described fusion of 
rock samples with a mixture of two fluxes (lithium 
carbonate and boric acid) in a graphite crucible. 

Mochizuki et al.’ reported a fusion method of 
decomposition and faster dissolution. About 50 mg 
of powdered rock sample is placed in a platinum 
crucible and mixed with 0.15 g of anhydrous lithium 
carbonate and 0.15 g of boric acid. The mixture is 
fused in a muffle furnace by heating gently for 3 min 
and then strongly for 12 min at 950” to yield a clear 
melt. After cooling the melt is dissolved in 20 ml of 
1M hydrochloric acid, with magnetic stirring. It 
should take less than 20 min to achieve complete 
dissolution. 

Complete decomposition of silicate rocks with acid 
mixtures in a Teflon vessel, or by fusion with sodium 
carbonate or sodium hydroxide, or by sintering with 
sodium hydroxide and sodium peroxide takes from 
30 min to a few hours. With lithium borate or boric 
acid/lithium carbonate as flux, the decomposition 
time for silicate rocks is shorter, but the dissolution 
time for the cooled fusion cake is longer, because 
cooling the fusion cake produces glassy beads or 
other glassy materials. It has now been found that 1 .O 
g of a 2: 1 w/w mixture of lithium tetraborate and 
lithium sulphate can fuse 0.1 g of silicate rock in a 
platinum crucible at about 1000” in IO-15 min. Total 
dissolution of the cooled fusion cake in 20 in1 of 1.2M 
hydrochloric acid takes only about 5 min at 90400”. 

Reagents 
EXPERIMENTAL 

Boric acid, lithium sulphate monohydrate, potassium 
sulphate, sodium sulphate, anhydrous lithium carbonate, 
lithium tetraborate, potassium tetraborate and sodium 
tetraborate were Wako Pure Chemical Co. analytical grade. 
Lithium metaborate was Merck Spectromelt A 20. Anhy- 
drous lithium sulphate was prepared by heating the mono- 
hydrate for 24 hr in an oven at 150”. All other reagents used 
were of analytical grade. Demineralized distilled water was 
used throughout. 

Zirconium stock solution was prepared by heating 0.2702 g 
of zirconium dioxide, 6.0 g of lithium sulphate monohydrate 
and 20 ml of concentrated sulphuric acid in a covered 
beaker until fumes appeared, continuing the heating for 10 
min, cooling, transferring the solution into a 100.ml stan- 
dard flask, and rinsing the beaker and diluting to the mark 
with 1M sulphuric acid. 

Sample &composition 

Accurately weigh approximately 0.1 g of 2OO-lOO mesh 
zircon or finely powdered silicate rock into a 30-ml platinum 
crucible, add 1.0 g of 2: 1 w/w lithium tetraborate/lithium 
sulphate mixture, and heat in a muffle furnace at 1000” for 
10-20 min. 

Sample dissolution 

After cooling the fusion cake (usually for a few min) add 
20 ml of 1.2 or 6.OM hydrochloric acid, as required and heat 
gently to boiling, mixing the contents of the crucible with a 
glass rod. 

709 
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Table 1. Decomposition and dissolution times of various samples by fusion with 1 g of 2: 1 w/w 
Li,B,O,-Li,SO, mixture 

Sample (0.1 g) 
Decomposition 

time,* min 

Bauxite (powder) 
Ihnenite (powder) 
Magnetite sand (iron sand) 
Quartz (powder) 
Zircon sand (200-400 mesh) 
Nb*O, (powder) 
Ta,O, (powder) 

5 
10 

:t 
15 

:I 

Dissolution time Dissolution time 
in 20 ml of boiling in 20 ml of boiling 

1.2&f HCl, 6.OM HCl, 
min min 

4 2 
5 2 
5 3 
5 4 
:+ - 3 

4t - 

*Full heat of a Bunsen burner. 
tin 15% tartaric acid solution in 1.2M HCl. 

Spectrophotometric &termination of zirconium and hafnium 

Determine zirconium and hafnium with Arsenazo III 
according to Hirano.* 

RESULTS AND DISCUSSION 

Table 1 shows the decomposition time for natural 
samples and pure oxides (0.1 g) according to the 
procedure above. 

All the samples are easily fused and rapidly dis- 
solved, in N 5 min, with boiling 1.2 or 6.OM hy- 
drochloric acid. For decomposition of niobium or 
tantalum pentoxide, the cooled melt is dissolved in 
1.2M hydrochloric acid containing 15% of tartaric 
acid to prevent precipitation of the metal oxides. 

The lithium tetraborate/lithium sulphate fusion is 
a powerful decomposition technique for silicate rocks 
and ores. Lithium tetraborate on its own (1.0 g) can 
completely decompose a zircon sample (0.1 g) in 
30-60 min, but the tetraborate/sulphate mixture can 
give fusion of the sample in 10-15 min. 

Lithium sulphate is a powerful agent for decom- 
position of metalSoxides. Refractory oxides such as 
Cr,O,(KMnO,), HQ, TiOz, are easily decomposed 
by heating for 5-10 min with suiphuric acid (20 ml) 
and lithium sulphate (6 g) in a beaker. A higher 
proportion of lithium sulphate in the mixture with 
lithium tetraborate makes the cooled cake fusion 
easier to dissolve in hydrochloric acid, but the decom- 
position of silicates is more difficult, being most rapid 
with 25-35% of lithium sulphate in the flux. 

Cooled borate fusion cakes are difficult to dissolve 
with cold dilute mineral acids because the borate and 
silicate mixtures form glassy materials. The presence 
of lithium sulphate in the fusion mixture makes the 
glassy material readily soluble in hot dilute mineral 
acid (1.2M hydrochloric, l.OM nitric or 0.5M sul- 
phuric), and especially in not fairly concentrated 
hydrochloric acid, because of the high solubility of 
lithium chloride in the acid. 

One g of cooled lithium tetraborate/sulphate (2: 1) 
fusion mixture will dissolve in 20 ml of boiling 6.0 or 
12M hydrochloric acid in a few minutes but on 
cooling the borate will’ be precipitated in the 612M 
hydrochloric acid media at 3&35” but will remain in 

solution in 6M hydrochloric acid at 40”. Therefore, 
when 6 or 12M hydrochloric acid is used to dissolve 
the cooled melt, the solution must be diluted before 
being cooled. 

One g of 2: 1 w/w potassium tetraborate/sulphate 
mixture can fuse 0.1 g of zircon sample in 30 min but 
the cooled fusion cake will not dissolve in 20 ml of 
6M hydrochloric acid because potassium chloride 
is precipitated in the hot acid solution. 

One g of 2: 1 lithium metaboratelsulphate or 2: 1 
boric acid/lithium carbonate fusion cakes will not 
dissolve in 20 ml of boiling 1.2M hydrochloric acid 
in 10 min, unlike lithium tetraborate/sulphate fusion 
cake. 

Determination of zirconium and hafnium 

The zircon sample (0.1 g accurately weighed) was 
decomposed with 1.0 g of 3: 1 lithium tetraboratel 
lithium sulphate mixture. After cooling, the fusion 
cake was dissolved in 20 ml of hot 1.2M hydrochloric 
acid, cooled and made up to 100 ml with the acid. The 
sum of zirconium and hafnium was determined spec- 
trophotometrically with Arsenazo III.8 The total zir- 
conium plus hafnium found was 50.7% and the 
recommended value’ is 50.4%. The zircon is com- 
pletely decomposed with the mixed flux and the 
products are completely dissolved in the 1.2M 
hydrochloric acid. 

1. 

2. 

3. 

4. 
5. 

6. 

7. 

8. 

9. 
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Summaq-The reaction of hydrogen peroxide with the zirconium(IV) and hafnium(IV) Methylthymol 
Blue complexes (MeMTB) has been investigated. The conditional stability constants of the Zr(IV) and 
Hf(IV) complexes with hydrogen peroxide [K$dH202J were determined spectrophotometrically. The 

K&C(HIOI) values found, which depend on the acidity, are 3.91 x lo’, 3.24 x 102, 2.63 x lo2 at [HCl] = 0.2, 
0.3, l.OM respectively for Me= Zr(IV) and 0.828, 0.523, 0.319 for Me= Hf(IV). The ratios of 
the conditional stability constants, &&, 02)/K&,,.s, are: 5.52 x 10e4, 5.79 x lde4, 8.23 x 10m4 for 
Me = ZrfIW and 2.08 x 10m6. 2.74 x 10mb. 1.48 x IO-’ for Me = HffIW at the three acidities. The 
maximum ok the ratio of the relative conditional stability constants ii o&ained in 0.2M hydrochloric 
acid. The conditions which should be complied with for the determination of hafnium in the presence 
of zirconium are discussed. The results were compared with those obtained by the Xylenol 
Orange-hydrochloric acid method. They are superior for samples containing less than 20mole% of 
hafnium in admixture with zirconium. 

Hydrogen peroxide forms colourless complexes with 
zirconium(N).’ The molar ratio Zr(IV):H,02 is 1: 1 
and 1: 2 in these complexes.’ 

Cheng’s3 investigations of the zirconium and 
hafnium complexes with Xylenol Orange and 
Methylthymol Blue (MTB) showed that the hafnium 
complexes with Methylthymol Blue are much more 
resistant to destruction by hydrogen peroxide than 
are the zirconium complexes. 

The comparison of the conditional stability con- 
stants of the Zr and Hf hydrogen peroxide complexes 
by Konunova and Popoti suggests that the stability 
of both peroxide complexes in 0.2M hydrochloric 
acid medium is similar and relatively high: 

mination of hafnium in the presence of zirconium by 
destruction of the MeMTB complexes by hydrogen 
peroxide. 

THEORY 

The reaction of hydrogen peroxide with the 1: 1 
metal-Methylthymol Blue complexes, MeMTB, is 
given by the equation: 

MeMTB + nH20, GS Me(H,O*), + MTB. (1) 

The conditional equilibrium constant, K* of this 
reaction at a given hydrochloric acid concentration, 
is the ratio of the conditional stability constants of 

K zflH20* = 6.66 x 10s the two complexes: 

K “fOH202 = 3.33 x 105 C C GNH,O,, K* = (C;;;;MezT; = A_ (2) 
However, the conditional stability constant of the 

K;cMTB 

Zr-peroxide complex in 1M hydrochloric acid given 
by these authors is almost 40 times that reported by 

From the experimental methods used it follows that 

Raizman. ’ C M~MTB = Ail61 (3) 
In the present work the determination of the 

conditional stability constants of the zirconium and c hW+zo> ). = C&eMTB - CMcMTB 

hafnium peroxide complexes is based on the destruc- 
tion of the respective Methylthymol Blue complexes 

= (A, - Ai)/d (4) 

ZrMTB and HfMTB by hydrogen peroxide. Earlier and 
investigations6 showed that in solutions with hydro- C 
chloric acid concentrations C,,,, > 0.2M only 1: 1 

MTB = C&B - CM,, = ZC’L, - Ailal (5) 

complexes of Methylthymol Blue Zr(IV) and Hf(IV) where Me is Zr(IV) or Hf(IV), C$ the total concen- 
exist. The conditional stability constants of these tration of metal, CLTB the total concentration of free 
complexes are known.6 These data are used to deter- and bound Methylthymol Blue, CbeMTs the concen- 
mine the conditions for the spectrophotometric deter- tration of MeMTB with all the Me bound to MTB, 

TAL 3617-A 711 
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A,, the absorbance of the MeMTB complex for 
C&a # CL,, A, the absorbance of the MeMTB com- 
plex in solutions with H202 present, 6 the molar 
absorptivity of the MeMTB complex, 1 the optical 
path-length and Z = C&/C&, , 

Equations (2)-(S) yield 

and for two different hydrogen peroxide concentra- 

tions G,o,), and G20.J2 

Transformation of equation (7) gives: 

1% 
n= 

If (CHzoI)1 and (Cn,,,), are much greater than 

CL the small quantities of hydrogen peroxide 
reacting with Zr(IV) or Hf(IV) can be neglected in 
calculations of n. 

The value of II then allows calculation of K* from 
equation (6) and so, for known J&,ra, the value of 

Gtinzoz). 3 from equation (2). 

a1 03 05 0.7 1.0 

1. HCLI, M 

MTB solution was added to the solution of zirconium(W) 
or hafnium(IV) and the mixture was diluted with hydro- 
chloric acid of the desired concentration to a detinite 
volume. The mixture was kept in a water-bath (95-100’) for 
15 min, cooled to room temperature (20 f 2”) and kept at 
this temperature for at least 30 min before use. 

Fig. 1. Dependence of the degree of dissociation of the The absorbances were measured at 58Onm against a 
MeMTB complex on HCI concentration and on the ratio blank solution prepared in the same way as the test solution, 
C&JCL, for hafnium (0) and zirconium (0). Total but without Hf(IV) and Zr(IV). At this wavelength the 

concentration of metal CR, = 5 x 10-5M. molar absorptivity of MTB is nearly zero. 

02 04 06 lie ill u 

[H,Ozl,M 

Fig. 2. Dependence of relative absorbance A, on hydro- 
gen peroxide concentration for MeMTB complexes: 
Me = Hf(IV) (a), Me = Zr(IV) (0). Total concentrations: 
C& = 5 x lO_‘M, C&s = 1 x 10-4M. Reaction time of 

H,O, with MeMTB, 1 hr. 

The best conditions for the determination of 
Hf(IV) in the presence of Zr(IV) should be those 
yielding the maximum value of K&/K& 

Apparatus 

EXPERIMENTAL 

Spectrophotometric measurements were made with a 
Zeiss M 40 instrument and glass cells with path-lengths of 
0.500, 1.000, 2.002 and 5.OOOcm. 

Reagents 

Hafnium dioxide (spectral purity grade) was obtained 
from Johnson-Matthey. All other reagents were of analyti- 
cal reagent grade. Methylthymol Blue (FQCh analytical 
grade) was purified according to the method of Yoshino.’ 

Standard zirconium(W) solution. Approximately O.OlM 
zirconyl chloride solution was prepared in 1M hydrochloric 
acid and standardized gravimetrically (ZQ as weighing 
form). 

Standard hafnium(IV) solution. Hafnium dioxide was 
fused with a mixture of sodium carbonate and sodium 
tetraborate and the cooled melt was dissolved in hydro- 
chloric acid. The hafnium was precipitated with ammonia, 
the solution filtered and the precipitate redissolved in 
1M hydrochloric acid. The concentration was adjusted 
to cu. O.OlM HI(W) and the solution was standardixed 
gravimetrically (HfO, as weighing form). 

Standard Methylthymol Blue solution, O.OlM. Prepared by 
dissolving the dye in O.lM hydrochloric acid. 

Procedure 
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RESULTS AND DISCUSSION 

The degree of dissociation, a, of the ZrMTB or 
HfMTB complexes is low when the complex con- 
centration is over IO-‘M. For CL, 3 5 x lo-‘M 
and Cut, d0.5M and a concentration ratio 
C&s:Cb, = 10, a is <O-01. The corresponding 
absorbance A; is practically equal to the absorbance 
of the undissociated complex, A,,. At lower con- 
centration of metal and higher concentration of 
hydrochloric acid the absorbances correspond to 
A,, = A;/(1 - a). The values of a were determined by 
the method described previously.* The relationship 
between a and Cue, for the ZrMTB and HfMTB 
complexes is illustrated in Fig. 1. 

The relative absorbance A, = Ai/& is convenient 
for comparing the results of the decomposition of 
the ZrMTB and HfMTB complexes by hydrogen 
peroxide. 

The absorbance of the complex, when hydrogen 
peroxide is added to the solution, depends on the 
hydrogen peroxide and hydrochloric acid concentra- 
tions (Fig. 2). The absorbance decreases rapidly with 
time to a constant value (Fig. 3), e.g., for Cuzs = 1M 
the absorbance becomes practically constant 10 min 
after addition of the hydrogen peroxide. 

The molar absorptivities and conditional stability 
constants were calculated by the methods given in a 
previous paper,’ and n, K* and Kuc(ulOljn for different 
hydrochloric acid and hydrogen peroxide concen- 
trations were calculated as indicated above. The 
results obtained are given in Table 1. The dependence 
of K&/K& on the hydrochloric acid concentration is 
illustrated in Fig. 4. 

More than 95% of the ZrMTB complex is 
destroyed by 1M hydrogen peroxide (Figs. 2 and 3). 
Under the same conditions the destruction of the 
HfMTB complex is relatively low (cu. 10%). 

The decrease in the absorbance (at 580mn) of 
a mixture of ZrMTB and HfMTB on addition of 

a 
a6. 

Fig. 3. Lkpendence of relative absorbance A, on reaction 
time of H,O, with McMTB complex: Me - Hfo (O), 
Me = Zr(IV) (0). Total concentrations: CL* = 5 x lo-‘M, 

C&s = 1 x lo-‘M, co”c, = 0.2OM. 

hydrogen peroxide therefore depends on the ratio 
C ZrMTBICHfnllx. 

This is utilized for determining hafnium in the 
presence of zirconium. The conditions were chosen 
on the basis of the results in Figs. l-4 and Table 1, 
and the results obtained previously.“*’ They are: 
C,, = 0.2M; C&J(Cu, + C,) = 2-10; C, (in the 
final solution measured) = 0.5 x 10e5-5 x 10m5M; 
MeMTB complex formation at cu. 95” for 15 
min; C,,,, = 1M; MeMTB destruction by hydrogen 
peroxide at room temperature for 20-6Omin; 
1=58Onm. 

The quantity of sample for preparation of the 
solutions needed for hafnium determination depends 
on the total concentration of hafnium and zirconium 
(C,,) and the mole fraction of hafnium [xur). If the 
approximate values of C,, and xuf are not known, 
they should be determined in simple tests before a 
more exact hafnium determination is made. 

Reagents 
DETERMINATION PROCEDURE5 

Solution A, 1 x IO-% MT& Dilute 50 ml of O.OlM MTB 
with 0.2M hydrochloric acid to SOOml. 

Table 1. Results? of spectrophotometric investigations of MeMTB and Me(H,O&, complexes 
(Cke = 2.5 x lo-‘M; CL,, = 2.5 x IO-‘M; A= 580 nm; temperature 25”; [HrOJ O.l-l.OM) 

C,,, M zr(w H@V) 

Molar absorptivity, 1.0 2.51 x lO’f5x IOr 2.80x lO’f9x 102 
l.mole-‘.cm-’ 0.5 2.49x lO’f4x lo’ 2.69x lO’f7x 102 

0.2 2.55 x lO’f4x 102 2.73 x 1O’f 4 x IO2 

Conditional 1.0 3.20 x lvf0.36 x 10L’ 2.25 x 1O’f 0.58 x 10’ 
stability constant 5.60 x lo’ f 0.65 x 10J 1.91 x 1oJ f 0.14 x 105 
K MeMTB 

I:: 

7.08 x 10’ f 0.49 x 10J 3.98 x lo5 f 0.21 x IO’ 

Number of H20z 1.07 f 0.088 1.06*0.103 
molecules bound k! 

0:2 
1.06 f 0.067 1 .Ol f 0.073 

per Me(W, a 1.09 f 0.081 0.98 f 0.096 

Relative conditional 1.0 8.23 x IO-‘& 0.74 x lo-) 1.48 x lo-‘& 0.32 x lo-’ 
stability constant, K* 0.5 5.79 x IO-’ f 0.47 x 10-3 2.47 x 1O-5 f 0.19 x 1O-5 

0.2 5.52 x IO-‘ho.51 x lo-’ 2.08 x 1O-5 f 0.15 x 1O-5 

Conditional A:: 2.63 x ltif0.26 x lo) 3.19 f 0.25 
stability 3.24 x lti f 0.22 x lo) 5.23 f 0.60 
constant, KldtiH2,,0,, 0.2 3.91 x 1@*0.19 x 10) 8.28 f 0.40 

tMean f standard deviation (6 replicates). 
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Solution B, 2 x lo-‘M ZrMTB. To ca. 400 ml of 0.2M 
hydrochloric acid add 10.0 ml of O.OlM zirconium solution 
and 25.0 ml of O.OlM MTB,and dilute with 0.2M hydro- 
chloric acid to 500 ml. Heat the mixture on the water-bath 
for 15 min, cool to room temperature and keep it at this 
temperature for at least 30 min. 

Estimation of total concentration of I-If and Zr (C,) 

Add 1.00 ml of sample solution (C,, = C,,+ C, = 
5 x 10m4-2.5 x lo-‘M) and 5.0 ml of solution A to 30 ml 
of 0.2M hydrochloric acid, heat the mixture in a boiling 
water-bath for 15 min, cool it to room temperature, and 
after it has stood at room temperature for 30 min, dilute it 
to volume in a M-ml standard flask with 0.2M hydrochloric 
acid. Measure its absorbance (AT) in a l-cm cell at 580 nm 
against a reference solution made by diluting 5.0 ml of 
solution A to 50 ml with 0.2M hydrochloric acid. 

Note. If C,, is completely unknown, three tests can be 
run in parallel, e.g., with 0.10, 1.00 and 10.0 ml of sample 
solution. 

The total metal concentration (Cur+ C, = C,,) is 
calculated as Zr according to the equation 

Cu, = A,l&,s. (9) 

Comments. cHfMTB and cZIMTB in 0.1 M hydrochloric acid 
differ by only 7% Fable 1). The relative error (E,) of 
C,, determination by use of equation (9) diminishes with 
decrease in x,. For xur 0.50, 0.20, 0.05 and 0.01, the 
corresponding values of E, (mole%) are: 3.5, 1.4, 0.35 
and 0.07. 

Estimation of xH, 

Prepare the test and reference solutions as for estimation 
of C,,. Add 0.5 ml of 30% hydrogen peroxide solution to 
10 ml of each of these solutions. After 20 min measure the 
absorbance of the oxidized sample solution (A,) against the 
oxidized reference solution, in l-cm cells at 580 nm. 

The relative absorbance decrease (AT - A,)/A, depends 
on xHI. For (AT - AJA, values of 0.30,0.45,0.60,0.75 and 
0.90, the corresponding values of x, are 0.80, 0.60, 0.43, 
0.25 and 0.08. The error of these xur values is less than 
*0.05. 

Determination of h’f in presence of Zr 

Prepare 50 ml of test solution as for estimation of the total 
concentration of Hf and Zr, but with a volume of sample 

cl2 0.4 06 a8 1L-l 

1 HCll,M 

Fig. 4. Dependence of the ratio of relative condi- 
tional stability constants of zirconium and hafnium 
complexes with Methylthymol Blue on hydrochloric acid 

concentration. 

solution that will give a hafnium concentration between 
1 x low5 and 1 x 10e4A4 in the 50 ml of test solution (the 
volume needed can be calculated from C, and xm). 
Take 25 ml of the solution thus prepared, add 5 ml of 
30% hydrogen peroxide to it, transfer the mixture to a 
M-ml standard flask, and dilute to the mark with 0.2M 
hydrochloric acid. 

In a 50-ml standard flask place a volume of solution B 
that contains the same molar amount of zirconium as the 
sum of zirconium and hafnium in the solution to be 
measured, add 5 ml of 30% hydrogen peroxide, and dilute 
to the mark with 0.2M hydrochloric acid; this is the 
reference solution. Twenty minutes after addition of the 
hydrogen peroxide measure the absorbance of the sample 
solution (at 580 nm) against the reference solution. 

The concentration of hafnium is calculated from 

+A 
Afl (10) 

where 

AC = GUW&.,N~~ - ~,~rs/L,,xs. (11) 

In this equation j?ueMrs is the fraction of the MeMTB 
complex that is not destroyed and is given by 

/I= 1 
1 + K* Cu~~cun 

(12) 

Table 2. Results (mean f standard deviation, 6 replicates) for hafnium(IV) 
determination in presence of zirconium(N) in hydrochloric acid solutions, 
with Methylthymol Blue and hydrogen peroxide (method A) and with Xylenol 

Orange (method B)v 

Method A Method B 
(MTB + H202, (X0 in O.lM HCl 

Taken, @U 0.2M HCl) and in 1.2M HCl) 

Hf Zr I, cm Hf found, pM I, cm Hf found, PM 

0.40 39.60 5.000 0.35 f 0.03 0.508 0.14 f 0.14* 
1.00 39.08 2.002 0.96 f 0.02 0.500 0.88 f 0.35 
2.00 38.00 2.002 1.97 f 0.04 0.500 1.84 f 0.20 
4.00 36.00 2.002 4.05 f 0.03 0.500 4.02 f 0.26 

10.00 30.08 1.000 9.88 f 0.10 0.500 9.82 f 0.40 
2O.C^ 20.00 20.4 f 0.3 0.500 19.8 f 0.4 
30.00 10.00 

:*z 
30.9 f 0.9 0.500 30.1 f 0.5 

36.00 
38.00 ;$z 

0:500 35.5 f 1.4 0.500 36.1 f 0.6 

39.00 1:OO 
0.500 37.8 f 1.4 0.500 38.1 f 0.6 
0.508 39.4 f 1.5 0.500 38.9 f 0.7 

0.20 9.80 5.000 0.22 f 0.03 2.002 0.08 f 0.08. 
0.50 9.50 0.52 f 0.03 2.002 0.42 f 0.15 
1.00 9.00 

::z 
1.03 f 0.03 2.002 0.95 f 0.05 

;:: 500 1:OO 2.002 2.002 4.83 9.29 f f 0.15 0.20 2.002 2.002 9.09 5.05 f f 0.06 0.07 

*Skew distribution. 
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where K* is the relative conditional stability constant of the 
metal-peroxide complex, equation (2). 

Commears. The error in the hafnium determination as 
a result of making C, in the reference solution equal to 
C,, in the test solution is relatively low. This is because the 
estimated value of CM. is calculated on the basis of fZIMm, 
which is 7.06% lower than +,r,trs, so C,, will be over- 
estimated by 7.06x,,%. For example, if C,, + C,. = 
1.000 x 10-‘-M and & = 0.20 then thevahre fouid for&. 
is 1.014 x 10eJM and this will be C, in the reference 
solution for determination of Car. The absorbance of the 
reference solution (after addition of the hydrogen peroxide) 
will be 0.0035 more than it should be (for 1 = 1 cm). The true 
value of A [in equation (IO)] should be 0.470, but the 
measured value will be only 0.460,. Thus the error in the 
hafnium determination would = -0.8%. 

The degree of dissociation (a) of the HtMTB complex 
(before addition of the peroxide) is low, e.g., for 
C,. = 1 x IO-‘M, _qc = 0.1 and total MTB concentration 
CL,, = 2.5 x lo-‘hf. the concentration of unbound MTB . ...” 

isC,= 1.5 x lo-‘&, so C,,, >> C,, and u is given by the 
equation: 

a = l/(1 + KnfMTBCuTB). (13) 

The value of & = ~~$?n~~a - Eli,&&, should be 
;pproximately constant if CH202/Ch(TB is constant. If 

nlol = IM, the fraction of MTB bound is very low, e.g., 
for C&is = 2.5 x lo-‘M, C,, = lo-‘M and xnr = 0.1, the 
decrease in C&, is less than 1 x 10-sM, and therefore 
c&a5 c,. 

The decrease in hydrogen peroxide concentration is less 
than O.l%, and can be neglected in calculations. 

According to equation (2) for Me(H,O,) complexes (with 
one molecule of H20z, cf. Table I): 

K* = 
G,“,,, Gin = Cl- Bw.bGTs 
c c H,(h MeMTLI BGiE %I2 

(14) 

where 

8= 
1 

l + K*CH,,/&~’ 

Since K* is constant for a given set of conditions, j, which 
is the fraction of the MeMTB complex which remains 
undestroyed, should also be constant if the C,,,/C,, ratio 
is constant. 

If it is assumed that (C,), = (C, + Cxr)rmp,c. then 

A = kH,TB)(CHf)s.m,k + k,,,(Bz,“~e)~smplc(C~,)umpk 

- bm (BmTBMGr)rer. (15) 

For low values of x,,,, at very much greater concen- 
trations of H,Oz and MTB than of Hf and Zr, 
(Bxr,Mra )umpk = &urs)~ and equation (15) gives 

A = A&& 

where 

According to equation (ll), At is constant for 
cH,,/cMTB - - const. and therefore AC should be constant for 
the given conditions. The AE value can be calculated from 
the data given in Table 1 or determined experimentally with 
a standard solution. 

Mean results for the determination of hafnium 
(obtained for two series of experiments with 

C H20z = lM and Cut, = 0.2M) are given in Table 2. 
In series I, CM, = 4.0 x 10e5M and CM,, = 2 x 
lo-‘M, and in series II, CM, = 1.0 x lo-‘M and 
C Mrs= 1 x lO_‘M. 

The calculated values of AC are 2.38 x 10’ 
l.mole-‘.cm-’ for series I and 2.19 x 10’ 
l.mole-‘.cm-’ for series II. 

The results are compared with those obtained by 
the Xylenol Orange method described previously.9 
They are better for samples containing less than 
20 mole% hafnium (in admixture with zirconium) 
and worse for hafnium contents greater than 
50 mole%. 
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Summary-A kinetic method for the simultaneous determination of I- and 2-naphthol based on their 
different rate of coupling with diaxotixed sulphamlic acid in a weakly acid medium is reported. The 
reaction is performed by a stopped-flow technique and monitored spectrophotometrically at 475 nm. On 
the basis of this reaction, mixtures of these naphthols can be determined by measuring the reaction rates 
at two reaction times which gave maximum discrimination between the two naphthols. Theoretical 
equations are used in order to evaluate the accuracy of the proposed method. Mixtures of these naphthols 
at the fig/ml level and in 2-naphthol/l-naphthol ratios from 20: 1 to 1: 5 can be determined with a relative 
standard deviation of 1.5%. Ternary mixtures of carbaryl, I-naphthol and 2-naphthol can also be resolved. 

Carbaryl (1-naphthyl methylcarbamate) is widely 
used as a pesticide because of its effectiveness and low 
mammalian toxicity.’ It is currently marketed in 
wettable powder, bait, dust, liquid and aerosol forms. 
The quality of carbaryl depends upon the purity of its 
precursor, 1-naphthol. The amount of the 2-naphthyl 
methylcarbamate isomer found as a contaminant in 
the final product is directly related to the purity of 
this precursor. Commercially produced I-naphthol 
may contain 2-naphthol as a by-product.2 

A rapid and reliable method is therefore required 
for the analysis of mixtures of l- and 2-naphthol and 
of these compounds plus carbaryl. Thin-layer chro- 
matography is currently used for the separation of l- 
and 2-naphthol, generally coupled to fast dye salts.3-7 
However, few gas and liquid chromatographic data 
for the determination of these substances are 
available. On the other hand, the resolution of this 
mixture by non-chromatographic techniques has 
hardly been studied. The two naphthols are chiefly 
differentiated by their reaction with cerium(IV) 
sulphate.8*9 The precipitates formed can be extracted 
into diethyl ether; the l-isomer gives a violet extract, 
while the 2-isomer yields an orange extract. 
Spectrofluorimetry has been also used to determine 
l- and 2-naphthol in a 4:l mixture*O. No reference 
has been found in the literature to the analysis of 
mixtures of carbaryl with these naphthols. 

This paper reports the kinetic determination of l- 
and 2-naphthol in mixtures as well as in ternary 
mixtures with carbaryl, by a stopped-flow technique 
based on their coupling with diazotized sulphanilic 
acid. An earlier paper reported the kinetic determina- 
tion of carbaryl and its hydrolysis product in mix- 
tures by means of this coupling reaction.” The 
proposed determinations are simple and fast and the 
interest lies in the fact that no photometric or kinetic 
methods are available for the analysis of these mixtures. 

EXPERIMENTAL 

Reagents 

All reagents were of analytical-reagent grade and solu- 
tions were prepared with distilled water and dioxan. 

Solutions of l- and 2-naphthol and carbaryl(lOO0 rg/ml) 
were prepared by dissolving 100.0 mg of each product in 100 
ml of dioxan. They were stored in PTFE bottles in a 
refrigerator. A diaxotized sulphanilic acid solution was 
prepared by mixing 0.5 ml of 0.5% sulphanilic acid solution 
in 30% (v/v) acetic acid and 1.5 ml of 0.1% sodium nitrite 
solution, in a lo-ml standard flask, and diluting to volume 
with acetic acid/sodium acetate buffer @H = 4.1). 

Apparatus 

The instrumental set-up consisted of a stopped-flow mod- 
ule, a detector and a data-acquisition system. The stopped- 
flow system has been described elsewhere.‘* The absorbance 
was measured on a Perkin-Elmer Lambda-5 spectrophoto- 
meter and absorbance us. time profiles were digitized by a 
Hewlett Packard 98640A analogue-to-digital converter for 
computer (Hewlett Packard 98561 AE) calculation of the 
rate constants and analysis of the mixtures by software 
written by the authors for use with the initial-rate, fixed-time 
and fixed-concentration methods. 

Procedures 

Kinetic &termination of naphthols. The two drive syringes 
of the stopped-flow module were used as follows: syringe A 
was filled with l- or 2-naphthol solution in dioxan, (con- 
centrations 0.5-50 and 5.0-150 rg/ml, respectively), and 
syringe B was filled with the diaxotixed sulphanilic acid 
solution. Equal volumes of solution from the two syringes 
were mixed in the mixing/observation cell of the stopped- 
flow unit and the reaction was monitored at 475 nm. The 
temperature was kept constant at 45 f 0.1” throughout. 

Simultaneous analysis of mixtures of I- and 2-naphthol. 
Syringe A was filled with a solution containing 5-25 &ml 
I-naphthol and 5-100 pg/ml 2-naphthol. Syringe B was 
filled with diaxotixed sulphanilic acid solution. Once equal 
volumes of both solutions had been mixed, the procedure 
was identical with that of the kinetic determination of the 
individual naphthols. From the computed absorbance vs. 
time curve, the reaction rate was calculated for the first 5 set 
of the reaction (V,) and after 80 set of reaction (VJ. 
Equations (10) and (11) (see below) were used to determine 
the concentration of both naphthols in the mixture. 

717 
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RESULTS AND DISCUSSION centrations in the syringes, and are thus twice the 
actual initial concentrations in the mixture in the 

Azo-dye coupling reactions have often been used mixing/observation cell. 
for the determination of phenols by photometric The first-order rate constants for l- and 2-naphthol 
equilibrium methods. In a weakly acid medium, l- and were obtained from the slopes of the In@, - AJ us. 
2-naphthol react with diazotized sulphanilic acid to time plots, where A, is the maximum absorbance and 
yield p-(4-hydroxy-1-naphthylaza)benzenesulphonic A, the absorbance at time t. First-order rate constants 
acid (4-HNBS) and the 2-hydroxy isomer (2-HNBS) of 0.121 set-* for I-naphthol” and 0.00285 set-’ for 
respectively: 2-naphthol were computed. 

OH 

N--N-ONa 
,,,-@N=N I_\ 8 OH \/ 

(4-HNBS) 

SO,H 

Scheme 1. 

(2 -HNBS) 

Figure 1 shows the stopped-flow data recorded by 
the spectrophotometer at 475 nm (wavelength of 
maximum absorption by the coupled products) and 
processed by the computerized data-acquisition sys- 
tem. As can be seen, there is a great difference in the 
reaction rates of the two coupling reactions, and the 
absorbance of the 4-HNBS produced reaches a max- 
imum and then slowly decreases, which would be a 
drawback for equilibrium measurements, but not 
kinetic ones. This large difference between the kinet- 
ics of the two reactions can be used for analysis of 
mixtures of these compounds. Zones A and B in Fig. 
1 allow determination of the two reaction rates by 
linear regression. 

Because its reaction with diazotized sulphanilic 
acid is the faster of the two, I-naphthol was preferred 
to 2-naphthol for studying the effect of the reaction 
variables on the kinetic curves. The kinetic depen- 
dence of each variable has been reported elsewhere” 
and from this the optimum conditions summarized in 
Table 1 were chosen. It should be noted that all the 
concentrations shown in Table 1 are the initial con- 

Time, set 

Fig. 1. Absorbance 11s. time curves obtained from the 
stopped-flow determination of 25 pg/ml I-naphthol (1) 
and 2-naphthol (2). Zones A and B allow the reaction 
rates of I-naphthol and 2-naphthol, respectively, to he 
determined. Experimental conditions as described in 

procedure. 

Table 1. Summary of the optimum conditions for the kinetic determination of naphthols 

Kinetic dependence 
Selected 

Variable Range Partial order Range value 

Sulphaailic acid 0.15-1.5 x lO_‘M 
Sodium nitrite 3.7 x 1O-s-5.8 x 10-3M 
PH 2.75-5.90 
Temperature U-50” 

*Calculated with respect to [H+]. 

0 1.15-1.5 x lO_‘M 1.45 x lo-3M 
0 1.45-5.8 x lo-‘M 1.45 x 10-3M 

-1* 4.0-5.8 4.10 
45” 
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Table 2. Analytical features of the stopped-flow determination of naphthols 

Linear dynamic Detection limit, 
Compound Method range, Pglml 10J x Sensitivity rcglml RSD, % 

1-Naphthol IR OS-50 56.2 A.sec-‘.l.mole-’ 0.2 0.9 
FT OS-50 162.8 A.l.mole-’ 0.2 2.7 
FC 5.0-20 344sec-‘.l.mole-’ 0.5 2.1 

2-Naphthol IR 5150 1.10 A.sec-‘.l.mole-’ 1.5 1.1 
FT 5-150 11.21 A.l.mole-’ 1.5 2.3 
FC 1~100 35.9 see-‘.l.mole-’ 3.0 7.2 

A = Absorbance; IR = initial-rate; FT = fixed-time; FC = fixed-concentration. 

Individual kinetic &termination of naphthols 

Absorbance vs. time curves were obtained for 
solutions containing different amounts of I- or 2- 
naphthol, under the optimum conditions. Table 2 
shows the salient features of the kinetic determination 
of naphthols by the initial-rate, fixed-time and fixed- 
concentration methods. 

In the fixed-time method the absorbance at 3 and 
10 set after the start of the reaction was used for l- 
and 2-naphthol, respectively, and in the fixed-concen- 
tration method the time taken to reach an absorbance 
of 0.100 for I-naphthol and 0.050 for 2-naphthol was 
measured. 

In Table 2 the sensitivity is defined as the slope of 
the calibration graph. l3 The precision, expressed as 
the relative standard deviation (RSD), was calculated 
from the results obtained for 11 samples, each con- 
taining 5.0 pg/ml I-naphthol or 25.0 pg/ml 2-naph- 
thol, respectively, for each method tested. Finally, the 
detection limit was calculated on the basis of the 
variation of the analyte response at low concentra- 
tions.“’ According to the data in Table 2, the initial- 
rate and the fixed-time methods are to be preferred 
for the stopped-flow determination of these naph- 
thols because of their wider dynamic range of appli- 
cation, higher precision and lower detection limits. 
However, the initial-rate method was preferred for 
the analysis of mixtures of l- and 2-naphthol since it 
gave the best discrimination between them (see Table 
2) and the lowest RSD. 

Kinetic determination of l- and 2-naphthol in mixtures 

Figure 2 shows a typical absorbance vs. time curve 
for reaction of a mixture of 1- and 2-naphthol with 
diazotized sulphanilic acid. It is evident that the two 
naphthols can be determined by measuring the reac- 
tion rate at short (1-naphthol) and long (Znaphthol) 
reaction times. However, the possible mutual 
influence of the two reactions must be considered, in 
terms of the required accuracy. 

Their two pseudo first-order rate equations are 

-d[lNl/dt = k,[lN] (1) 

- d[ZNj/dt = k,[2N] (2) 

where 1N and 2N are 1- and 2-naphthol, respectively, 
and k, and k2 are the rate constants. 

The error made in calculating the concentration of 
I-naphthol, [lNJ,,, in the mixture, will depend on the 

rate of the reaction of 2-naphthol at the time at 
which the total I-naphthol molar concentration is 
measured, or in other words, by the ratio of the con- 
centration of the product formed from 2-naphthol to 
the total concentration of the products formed up to 
the time of measurement, which can be expressed as: 

Error,, = ( l-I,]l~~P]z.) 100% (3) 

where [PIIN and [PhN are the concentrations of the 
products formed from l- and 2-naphthol, respec- 
tively. 

Assuming that [PIIN % F]rN and that 

[PIIN = W% P - exp(-WI 

FL = PNIo [1 - exp( - WI 

equation (3) can be rewritten as: 

(4) 

(5) 

PNI, [l - exti - WI 
[lN],,[l _exp(-k,t)] ‘O”% (‘) 

which shows that, for a short fixed-time interval, 
Error,, is proportional to the 2-naphthol/l-naphthol 
concentration ratio in the mixture. Figure 3(a) shows 
this dependence calculated for several reaction-time 
intervals, from the k, and kz values reported above 
(k, = 0.121 set-’ and kz = 0.00286 set-I). 

Let us similarly consider the determination of 
2-naphthol in the presence of the decomposition 

1.20 r 

I __*......*- 
2 

0.96 ‘.*.....-- 
*__..........""" 

Time, set 

Fig. 2. Typical absorbance us. time protile obtained in the 
analysis of a mixture of I- and 2-naphthols (both 25 &ml) 
by the stopped-flow technique. 1 and 2 are the zones 
selected to measure V, and V,, respectively for short (data 
collection rate, 200 msec/point) and long (data collection 
rate, 1 set/point) reaction times. Experimental conditions as 

described in procedure. 
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10sec ssec (b) 

1 2 3 4 5 0.1 0.2 0.3 0.4 0.8 

C 2- NAPHTHOL I C I- NAPHTHOLJ_ 
[ 1 - NAPHTHOL I C 2-NAPHTHOL ] 

Fig. 3. Theoretical estimation of the errors made in calculating the concentration of (a) I-naphthol and 
(b) 2.naphthol with respect to the relative ratio of both naphthols in mixtures (k, = 0.121, k2 = 0.00286 

and kd = 0.00037 se~-~). 

product of the 1-naphthol compound at long reaction 
times (see Fig. 1). The concentration of this product, 
[PdllN, yields the error in the determination of 
2-naphthol. Thus, Error,, can be expressed as: 

ErrorzN = - FdllN 

FIZN - FdllN 100oh 
(7) 

Since the concentration of the 1-naphthol compound 
itself will be effectively equal to the original l-naph- 
thol concentration, the value of [P,& can be readily 
calculated from the rate-constant (/cd) of the decay 
process by 

FAN = -N%[l - exp(-hrll (8) 

Substitution of equation (8) into equation (7) yields 

Error,, 
-WMl - ewC-kiO1 

= PN0[1 - ew(-k201 - PJl,[l -ev(-&)I 
x 100% (9) 

Figure 3(b) shows this dependence calculated for 
several reaction-time intervals, by use of the k2 value 
given above (k2 = 0.00286 WC-‘) and kd (0.00037 
set-I), which was calculated from the decay curve. 

According to these results, the determination of 
one component in the presence of the other is only 

Table 3. Features of the calibration plots for l- and 
2-naohthol 

Correlation 
Slope Intercept, coefficient 

Compound A.sec-‘.m-‘.ml Alsec (n = 8) 

I-Naphthol 3.93 x 10-3 1.52 x lo-” 0.998 
I-NaphthoP -1.37 x 1O-5 -2.13 x 1O-s 0.996 
2-Naphthol 7.02 x 1O-5 - 1.80 x 1O-5 0.999 

*Decay process. 
A = Absorbance. 

feasible over a narrow concentration ratio range. 
Thus, for Error,, to be 62.5%, it is possible to 
determine 1-naphthol only in the presence of not 
more than the same amount of 2-naphthol [Fig. 3(a)], 
and for Error,, to be Q 2.5% the Znaphthol concen- 
tration must be at least six times that of the l-naph- 
thol [Fig. 3(b)]. Therefore, analysis of mixtures of 
l- and 2-naphthol over a wide range of concentration 
ratios requires their mutual inthtence to be taken into 
account. Thus, under the optimum conditions used, 
linear calibration graphs of reaction rate vs. concen- 
tration of l- and 2-naphthol were obtained for each 
compound, by taking into account the decay rate of 
the product of I-naphthol. Table 3 summarizes the 
features of these plots. From this table and consider- 
ing that, under our experimental conditions, no 
interactive effects between the two naphthols were 
observed, the following equation can be proposed for 
the simultaneous determination of l- and 2-naphthol 
at short reaction times: 

V, = 1.52 x 10-3 + 3.93 x lo-3[1N], 

- 1.80 x 1O-5 + 7.02 x 10-s[2N], (10) 

where V, is the measured reaction rate and the 
concentrations are given in pg/ml. 

Table 4. Analysis of synthetic mixtures of I- and 2-naphthol 

Taken*, w/ml Found, M/ml 

1 -Naphthol 2-Naphthol 1 -Naphthol 2-Naphthol 

5.0 5.0 5.1 5.1 
5.0 10.0 5.0 10.4 
5.0 25.0 5.1 25.9 
5.0 50.0 5.0 50.8 
5.0 75.0 5.1 75.2 
5.0 100.0 101.2 

10.0 5.0 ;*: 4.9 
25.0 5.0 25:2 4.9 

*Initial concentrations in the syringe. 
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Table 5. Determination of 2-naphthol impurities in synthetic carbaryl 
samples 

721 

Sawle,* rcglml 2-Naphtha1 Found, pgglml 
added, 

Carbaryl 2-Naphthol figlml Carbaryl 2-Naphthol 

35.0 4.0 1.0 35.0 35.0 3.0 2.0 35.1 :*; 
35.0 1.0 4.0 35.1 1:1 

*Initial concentrations in the syringe. 

At long reaction times, the coupled product from 
1-naphthol shows slight decomposition (see Fig. l), 
but the decay reaction-rate is proportional to the 
initial I-naphthol concentration. The features of this 
plot are also summarized in Table 3. Thus, the 
reaction rate measured for a mixture at long reaction 
times is affected by two simultaneous opposing pro- 
cesses, namely a positive effect due to the reaction of 
2-naphthol, and a decay effect due to the decomposi- 
tion of the coupled product from 1-naphthol. The 
following equation gives the reaction rate for the 
mixture at long reaction times: 

V, = -2.13 x 1O-5 - 1.37 x 10-5[1N], 

- 1.80 x 1O-s + 7.02 x 10-5[2N], (11) 

where V2 is the measured reaction rate. 
Thus, for a mixture of l- and 2-naphthol, an 

absorbance us. time curve is computed for the opti- 
mum conditions. From this, the values of V, (in the 
initial 5 set) and V, (at times > 80 set) are determined 
and the concentrations of l- and 2-naphthol are 
calculated from equations (10) and (11). 

The results obtained for various synthetic mixtures 
containing different concentrations of l- and 2-naph- 
thol are summarized in Table 4. Mixtures of these 
naphthols can be determined in 2-naphthol/l-naph- 
thol ratios from 1: 1 to 20 : 1 and between 1: 1 and 1: 5. 
These limits correspond to a relative error of 95%. 
The results are satisfactory and superior to those pro- 
vided by other methodPO reported in the literature. 

Although, in principle, this ratio range does not 
seem adequate for determining 2-naphthol as an 
impurity in commercial carbaryl samples, application 
of the standard-addition method allows much lower 
concentrations of this compound to be determined. 
As shown in Table 5, it allows the determination of 
as little as 1% of 2-naphthol (as impurity) in carbaryl 
samples, with an error d 10%. 

Table 6. Tolerance to foreign species in the simultaneous 
kinetic determination of l- and 2-naphthol, each 5.0 w/ml 

Tolerance ratio 
to naphthol, 

Foreign species w/w 

Phenol, 2-chlorophenol, 4-chlorophenol, 40’ 
toluene, benzene, cyclohexene, acrolein, 
sodium dodecylsulphate, manoxol O.T., 
dodecyltrimethylanunonium bromide 

Ethylbenzene*, T&on X-100, Brij 20 
Cyclohexane+ 10 
o-Cresol, naphthalene’ 5 
m Cresol 1 

*Maximum ratio tested. 

The results obtained from 11 samples each contain- 
ing 5 pg/ml of both naphthols gave an overall relative 
standard deviation of 1.5%. 

The effect of many common organic species associ- 
ated with l- and 2-naphthol in real samples such as 
wastewaters, was examined in a search for interfer- 
ences. The tolerances for the species investigated are 
given in Table 6. The criterion for interference was 
taken as an error of more than + 5% in the reaction 
rate for a mixture containing 5.0 pg/ml I-naphthol 
and 2-naphthol. 

The substances investigated can be classified in 
three groups: (a) phenols, (b) aromatic and saturated 
hydrocarbons and (c) surfactants. As can be seen, the 
method offers good selectivity. 

Analysis of ternary mixtures 

As stated in the introduction, the resolution of 
ternary mixtures of carbaryl/l-naphthol/2-naphthol 
is of interest to manufacturers of carbaryl, a methyl- 
carbamate pesticide. 

Since carbaryl does not react with diazotized 
sulphanilic acid in a weakly acidic medium, and can 
be instantaneously and completely hydrolysed to 
I-naphthol by use of a suitable pH and medium,‘) 

Table 7. Analysis of synthetic ternary mixtures of carbarylll-naphthol/2-naphthol 

Mixture*, pgglml Found, pgglml 

Carbaryl I-Naphthol 2-Naphthol Carbaryl I-Naphthol 2-Naphthol 

7.0 5.0 5.0 7.3 4.9 5.1 
7.0 10.0 5.0 6.8 4.9 
7.0 25.0 5.0 7.3 

294.: 
5.1 

7.0 25.0 25.0 7.0 2419 26.4 
7.0 10.0 50.0 6.6 9.9 47.1 
7.0 5.0 100.0 7.3 5.1 97.2 

35.0 5.0 100.0 36.6 4.9 102.9 

*Initial concentration in the syringe. 
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ternary mixtures can be analysed as follows. Two 
samples are needed; one is hydrolysed and the other 
is not, and then both are analysed for I-naphthol and 
2-naphthol. The carbaryl content is determined by 
difference. One ml of 2h4 sodium hydroxide and 0.2 
ml of ethanol will be enough to ensure complete and 
instantaneous hydrolysis of carbaryl in a sample 
volume of 10 ml.15 Table 7 shows some typical results. 
The method gives satisfactory determination of car- 
baryl, 1-naphthol and 2-naphthol over a wide range 
of molar ratios. 
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Snmmary-The determination of selenium in the presence of tellurium and copper has been studied, to 
allow analysis of anodic slimes from electrolytic copper refining. Three methods have been developed for 
the determination of selenium in these slimes. They are based on the extraction of selenium with sodium 
sulphite, reduction of selenite with sodium sulphite, and separation of selenium and tellurium by 
adjustment of PH. Selenium (lo-r-lo-*M) is determined in the presence of tellurium, copper, iron, silver 
and lead. The methods are fast and simple, do not need expensive reagents, and give satisfactory results. 

Selenium is important for use in photocells, the 
production of rectifiers and semiconductors, in the 
glass, rubber and chemical industries, thermoele- 
ments, Hall sensors etc. There are no natural minerals 
from which selenium can be produced efficiently. The 
most important source for selenium production is the 
anodic slime obtained during the electrolytic 
purification of copper. A simple, rapid and accurate 
method for determining the amount of selenium 
present in anodic slimes is therefore desirable. 

method, selenium and tellurium are reduced to the 
elemental form by stannous chloride in acidic solu- 
tion, and the probability that copper would also 
be reduced in this step was probably overlooked. This 
is the main source of error. In all the samples of 
interest, copper is an important interfering ion be- 
cause its oxidation-reduction properties are very 
similar to those of selenium(IV). 

Selenium can be determined by atomic-absorption 
spectrometry,’ polarography,2 cathodic stripping 
voltammetry3 and anodic stripping voltammetry.g-6 
The level of selenium in anodic slimes is between 8 
and 20%, and that of tellurium between 0.3 and 3%. 
In the dusts from the sulphuric acid industry, the 
selenium content is around lo%, and in the material 
trapped in electrostatic precipitators it is about 
0.1%. After dissolution of such samples the selenium 
concentration is 10-3-10-2M, which is easily 
determinable. 

Some preliminary experiments were performed to 
provide additional quantitative chemical knowledge 
about selenium. The interference of copper was also 
studied, and from the results obtained, several pro- 
cedures were devised for the determination of sel- 
enium in the presence of tellurium, copper and other 
elements. 

EXPERIMENTAL. 

Reagents 

For slimes, ashes, semi-finished products of the 
sulphuric acid industry, and similar products, titri- 
metric determination of selenium and tellurium is 
very popular,74 and gravimetricer2 and spectro- 
photometriPi5 methods are also used. However, the 
methods all involve long and tedious separation 
procedures because of interferences. The use of 
3,3’-diaminobenzidine or 2,3-diaminonaphthaline for 
photometric analysis may yield poorly reproducible 
results, because of decomposition of the reagents by 
reducing or oxidizing agents. (Also, 3,3,‘-diamino- 
benzidine is carcinogenic.) 

Stock selenium solution, containing 379 rg/ml selenium, 
was oreoared bv dissolvina 208 ma of sodium selenite. and 
makmgup to 250 ml with &illed~ater. Standard working 
solutions were prepared by dilution of the stock solution. 
Other solutions used were. prepared from the analytical 
reagent grade salts. 

Composition of the anodic mud 
Anodic mud contains Se, Te, Cu, Au, Ag, Pb, As and Sb. 

The composition of the mud which was used in this work 
is given in Table 1. Some other mud compositionst6 are also 
given for comparison. It can be observed that the compo- 
sition depends on the source of the copper ore. 

In this work, the titrimetric method is preferred 
since it is rapid and simple. When a titrimetric 
method suggested by Murashoval” was used, the 
results obtained were not reproducible. In this 

Some preliminary experiments were needed to find the 
oxidation state of selenium in the mud. Addition of 4M 
hydrochloric acid to the mud gave a red colour, because of 
formation of amorphous red selenium. This suggests that 
some selenide is present in the mud, since selenides generate 
hydrogen gas and selenium on addition of hydrochloric 
acid. When the precipitated selenium was 6ltcred off, and 
sodium sulphite was added to the filtrate, a large amount of 
selenium was precipitated, indicating that most of the 
selenium in the mud was in the selenite form. Part of the 
mud did not dissolve in hydrochloric acid. 

*To whom correspondence should be addressed. The analytical procedures are described below. 
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Table 1. Typical anodic slime compositions Table 2. Recovery of selenium by sodium 

This work, Typical literature values, sulphite extraction 

Element % % 

cu 31.00 26.68 20.0 40.0 Se taken, Number of &z$), 

Ag 3.30 10.50 20.6* 11.3 mg experiments mg 

Au 0.32 0.71 1.54 199 6 107 f 17 
SC 10.00 9.65 7.5 21.0 127 I 107 f 1t 

;: 
l-2.00 1.34 1.5 1.0 173 159f 1 
4.00 5.15 12.0 10.0 118 76 114* 1 

Sb - 3.10 4.0 167 6 163f 1 
As - 3.78 5.0 Go ‘95% confidence interval. 

‘Ag + Au. tRccovery is low because black selenium had 
been formed in boiling solution. 

RESULTG AND DISCUSSION Selenite and tellurite are quantitatively reduced to 

There is a lack of quantitative knowledge about 
the elemental form by sodium sulphite, but not in 

selenium and tellurium chemistry, particularly with 
basic solution. When the acid concentration is higher 

reference to interactions with other ions. Before a 
than l.SM and copper and tellurium are present, 

new method could be chosen, some preliminary ex- 
elemental selenium and tellurium are precipitated but 

periments had to be performed. 
copper is not. 

We found experimentally that selenite reacts with 
Potassium iodide reduces selenite to elemental sel- 

iodide quantitatively, but selenate does not. Although 
enium selectively when tellurite is also present in the 

various acidities were tried, no reaction between 
solution. If the reduction is done at 50-80”, the 

selenate and iodide took place. We also found that 
selenium formed easily dissolves in nitric acid. 

for the reduction of selenite to be quantitative the 
Anodic mud dissolves in nitric acid and nitric- 

hydrogen-ion concentration should be greater than 
hydrochloric acid mixtures. Any nitrous acid formed 

O.lM. Tellurite gives a complex with iodide. The 
can be eliminated with urea, according to the 

equations for these reactions are: 
equation 

SeO:- + 41- + 6H+ + Se f 21z + 3Hz0 
2NO; + (NH,),CO + 2H+ + 2N2 + CO, + 3H,O 

TeO:- + 61- + 6H+ + TeIi- + 3Hz0 Tellurite and selenite do not react with urea. If only 

We found experimentally that when anodic mud is 
hydrochloric acid is used for digestion, there is 

digested with nitric acid only selenite and tellurite are 
volatilization of selenium oxychloride.‘” This loss is 

formed, and selenate and tellurate are not formed. 
avoided by use of aqua regia for the dissolution step, 

When this acid digestion was followed by treatment 
and this also prevents loss of selenium as hydrogen 
selenide. ” Vigorous gas evolution occurs when the 

with potassium iodide, 99% of the selenium present acid is added to a dry sample, but this is eliminated 
could be separated from the tellurium. However, any by addition of a few ml of water first, followed by 
copper(I1) present is reduced and precipitated as 
cuprous iodide, so this approach is useful only in the 

addition of the acid in small portions. After addition 
of the acid, the sample should be kept for 2 hr in a 

absence of copper( closed vessel, then warmed over a small flame until 
We also found that elemental selenium is extracted the residue becomes white. To prevent dissolution of 

quantitatively by sodium sulphite from a neutral or any gold present, it is better to use only nitric acid for 
basic boiling solution, as selenosulphate. The red the digestion: for 0.5-2.0 g of example, 10-20 ml of 
form of selenium is extracted more easily than the concentrated nitric acid will be sufficient. The diges- 
black form. If selenite is reduced by potassium iodide tion with nitric acid produces only selenite, and no 
in boiling solution the black form precipitates, but selenate. 
from cold solutions the red form is obtained. Thus, In some methods of selenite titration, excess of 
the reduction with iodide should be done in cold thiosulphate is added to the solution. Selenite reacts 
solution. After collection, the selenium can be dis- with thiosulphate according to the equation 
solved in boiling sodium sulphite solution at pH 8-9. 
When the solution is acidified with hydrochloric H,Se03 + 4Na2S203 + 4HCl 

acid, selenium is precipitated again. Some results are 
given in Table 2. The first two values, which refer to 

+ Na,S,SeO, + Na2S,06 + 4NaCl+ 3HrO 

extraction of black selenium (precipitated from boil- The excess of thiosulphate is titrated with standard 
ing solution), show low recoveries. Selenium precipi- iodine solution. 
tated at 50-80” is also easily dissolved in sodium In some titration methods,7-9 when selenite and 
sulphite solution. Selenium extraction with sodium tellurite ions are both present, potassium iodide is 
sulphite has been suggested by Chizhikov and added to the solution and reacts with selenite and 
Schastlivii,16 for the purification of technical grade tellurite according to the equations already given. A 

. . 
selenium. known and excessive volume of thiosulphate solution 
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is then added, to react with the iodine formed, and 
the surplus thiosulphate is titrated with standard 
iodine solution. The excess of thiosulphate is needed 
to stabilize the Te&O,):- complex.” If only selenite 
is present, an excess is not needed, and the iodine 
formed in the reaction with the selenite can be titrated 
directly with standard thiosulphate solution. If thio- 
sulphate is in excess, it decomposes, giving a yellow 
solution due to the formation of sulphur. If the 
titration is done as suggested here, without an excess 
of thiosulphate, the risk of loss of thiosulphate is 
avoided. Starch is used as indicator. The elemental 
red selenium formed on addition of potassium iodide 
is amorphous if the solution is not stirred vigorously, 
and there is no clear end-point. Vigorous stirring 
during addition of the iodide coagulates the precipi- 
tate and the end-point is clear. Chloroform or carbon 
tetrachloride can be used to give a two-phase 
end-point detection system, and similar results are 
obtained. 

The behaviour of tellurite and selenite at different 
acidities in the presence of sodium sulphite was 
investigated. White H,TeO, is precipitated at pH 
4.5-6. There is no precipitation from sodium selenite 
solutions at the same pH values. At higher acidities 
elemental selenium and tellurium are formed. This 
principle can be used for the quantitative separation 
of selenites from tellurites. 

In the light of these results, some titration methods 
are proposed. Each method has been checked for 
precision by using synthetic samples containing 
known amounts of Na2Se03, K,Te03, Ag+, Cu2+, 
Fe3+ and Pbz+ to resemble anodic mud. 

Procechrre l-sodium wphite extraction 
Boil the sample with nitric acid, then add urea to destroy 

nitrous acid. Add potassium iodide to the solution at 
50-80” to precipitate elemental selenium. The selenium 
formed has to be separated from the cuprous iodide formed. 
Filter off the selenium and wash it with hot 5% v/v hydro- 
chloric acid. Put the tilter paper in a beaker, and adjust the 
pH to 8-9. Add sodium sulphite and boil the solution to 
dissolve the selenium. Filter, and acidify the filtrate with 

Table 3. Determination of selenium in 
synthetic samples with sodium tulphite as 

reducing agent 

Se taken, Number of Se found, 
mg experiments mg 

:: f z 
99 4 99 

1:; 5 5 91 50 

hydrochloric acid. Filter off the selenium and wash it with 
water. Redissolve the precipitate in concentrated hydro- 
chloric acid and a few drops of concentrated nitric acid, then 
add urea and boil to destroy nitrous acid. Cool, make up to 
known volume, add potassium iodide to an aliquot and 
titrate the iodine formed, with thiosulphate solution (starch 
or chloroform as indicator). Some results are given in 
Table 2. 

Procedure 2-sodium sulphite as reducing agent 
Digest 0.5-2.0 g of anodic slime with 10-20 ml of nitric 

acid and filter. Add 5 g of urea to destroy nitrous acid. 
Adjust the acidity to 1.5-6.OM with hydrochloric acid to 
prevent the precipitation of copper. Slowly add about 5 g of 
sodium sulphite and boil the solution to coagulate the StTe 
precipitate, then filter. Wash the precipitate with hot dilute 
hydrochloric acid (1 + 20). Dissolve the precipitate in 10 ml 
of concentrated hydrochloric acid and 7 or 8 drops of 
concentrated nitric acid. Dilute the solution, add 5 g of urea, 
and boil. Cool to 50-80” and add 3-4 g of potassium iodide. 
Selenium is precipitated, but tellurite forms an iodide com- 
plex. Boil the solution for about 20 min. Filter off the 
precipitated Se and I,, and wash with hot dilute hydro- 
chloric acid (I+ 20) until the washings does not give a pink 
colour with carbon tetrachloride. Digest the precipitate with 
10 ml of concentrated hydrochloric acid and 7 or 8 drops 
of concentrated nitric acid. Dilute with water, add 5 g of 
urea and boil. Cool, dilute to known volume, add potassium 
iodide to an aliquot with vigorous shaking to coagulate the 
selenium precipitated, then titrate with standard thiosul- 
phate solution. Some results are given in Tables 3 and 4. 

Procedure 3-pH adjlcstment 
Dissolve the sample in nitric acid as in procedure 2, then 

adjust the acid concentration to 2M. Add urea and boil to 
decompose nitrous acid. Cool to room temperature, then 
add 34 g of sodium sulphite to precipitate selenium and 

Table 4. Determination of selenium in anodic mud samples with 
sodium sulphite as reducing agent 

Se found* 

Sample 
Mud taken, Number of (Kf ts/fi), Se inqanud, 

mg experiments mg 

I 1911 6 192&2 10.0 

: 1332 1319 4 5 122* 155f6 5 11.7 9.2 
I 1412 5 157 f 5 11.1 
I 851 4 94 f 6 11.6 
I 1424 6 142*2 10.0 
I 1597 5 158*5 9.9 

II 1284 5 213*5 16.6 
II 1652 4 276 f 6 16.7 
II 1340 5 225 f 5 16.8 
II 681 5 119*5 17.5 
II 485 9 85&4 17.5 
II 1677 6 292 f 2 17.4 

*95% confidence interval. 
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Table 5. Determination of selenium in synthetic solutions by adjustment of pH 

Na,SeO, taken, 
w 

348 
516 

KrTeG, taken, 
w 

Se found* 
Se taken, Number of (X f @I,/??), 

w pH experiments mg 

159 6 4 153* 1 
236 6 5 222 + 1 

*95% confidence interval. 

Table 6. Determination of selenium in anodic mud samples by adjustment of pH 

Se found* 
Mud taken, Number of (X f ts/fi), Se in mud, 

Sample mg pH experiments mg % 

I 1420 6 6 149* 1 10.5 
I 857 6 6 91 * 1 10.6 

II 1694 6 6 266 f 1 15.7 
II 1115 6 6 179* 1 16.1 
II 1104 6 6 178 f 1 16.1 
II 2168 6 6 349 * 1 16.1 

‘95% confidence interval. 

tellurium. Boil for about 10 min to coagulate the precipitate, 
cool, and filter. Dissolve the selenium and tellurium in about 
10 ml of concentrated hydrochloric acid and 7 or 8 drops 
of concentrated nitric acid by boiling. Dilute with water to 
150 ml, add urea and boil. Cool, adjust the pH with sodium 
hydroxide solution to 5.5-6.0 to precipitate H,TeG,. Keep 
the solution for a few hours to ensure complete precipita- 
tion, then filter off with a blue-band filter paper. Dilute the 
filtrate accurately to 250 ml with water, add potassium 
iodide to an aliquot, and titrate with thiosulphate. Some 
results are given in Tables 5 and 6. The values obtained were 
similar to those from procedures 1 and 2. 

The three procedures described appear to offer 
sufficient accuracy for the determination of selenium 
in the presence of copper, silver, lead, nickel and 
tellurium. The procedures are relatively simple and 
fast, and do not require expensive reagents or long 
and tedious separation procedures. 
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Summary-The solvation transfer coefficients which characterize the changes of ion reactivity with 
phosphoric acid concentration have heen calculated for cadmium from the constants of the successive 
chloride complexes, and for silver and diethyldithiophosphate from potentiometric measurements. They 
evidence the strong desolvation of the cadmium species in concentrated phosphoric acid media, causing 
a remarkable increase of its reactivity. They allow the results of liquid-liquid extraction, precipitation and 
flotation reactions to he correctly interpreted and their changes to he foreseen when the reagents are 
modified. 

The elimination of heavy metals from wet-process 
phosphoric acid, particularly cadmium, has been the 
object of much research work during the last ten 
years in order to obtain a high-purity acid for use in 
the production of fertilizers and other chemicals 
(detergents, organic synthesis reagents, food prod- 
ucts, erc.).‘J 

Stenstriim and Aly’” have presented a compre- 
hensive literature survey of the different liquid- 
liquid extraction procedures for the separation of 
cadmium from phosphoric acid media. The review 
covers different types of extractants: solvating- 
dithiophosphoric acid esters,s*6 TBP,6 TOPO;6 acidic 
dialkylphosphoric and dithiophosphoric acids;’ 
chelating-LIX,* and basic-quatemary ammonium 
halides9 and amines.‘“‘* After a critical examination 
of the extractions from chloride media, these authors 
recommend the use of Alamine 336 as the extractant. 1 

The ion flotation technique has also been used for 
the separation of cadmium from concentrated phos- 
phoric acid media, with diethyldithiophosphate 
(LET) as a collector.1~‘5 

In processes where amines, quatemary ammonium 
halides and LET are used, a noticeable increase in the 
distribution ratio with increase in the acid concentra- 
tion has been observed. 

The aim of this work was to demonstrate that these 
phenomena can be. correctly interpreted if the strong 
desolvation the Cd*+ ion experiences as the acid 
concentration increases is considered, and that it is 
possible to predict the evolution of the precipitation 

*Author for correspondence. 

and extraction reactions of cadmium with other 

reagents, on the basis of the transfer coefficients of 
solvation, log f: 

CALCULATION PROCEDURE 

Equilibrium constants for concentrated phosphoric 
acid media are calculated from defined constants in 
dilute media by use of the transfer coefficients of 
solvation, log f, which characterize the change in 
solvation of a species on transfer from one medium 
to another. The coeffictent log fM2+ takes into ac- 
count the eventual complexation of the h4*+ ions by 
phosphate or hydrogen phosphate ions in the concen- 
trated acid solutions. In a similar way, log fx- takes 
into account the possible protonation of X- ions in 
the same media.‘6*‘7 

The determination of the solvation transfer 
coefficients requires the use of an extrathermody- 
namic hypothesis. The hypothesis proposed by 
Strehlow,‘8*‘9 based on the use of the couple fer- 
ricinium/ferrocene as the potential reference system 
in the different media, has been selected. 

The relations used for the calculation of the equi- 
librium constants in concentrated media are pre- 
sented in Table 1. 

In the case of precipitation reactions, these rela- 
tions are valid only if the precipitated species is the 
same in the medium studied and in the reference 
solvent. Similarly, the relations established between 
the distribution constants require that the nature of 
the organic phase remains practically unchanged, 
whether it is in equilibrium with water or with 
concentrated acid solution. Furthermore, the nature 

TAL 3617-B 
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Table 1. Relations between equilibrium constants in water and in concentrated acid media 

CdCl~z-“)+~Cd~+ +nCl- 
Cd(LET),&Cd2+ + ILET- 

=Ag+ +Cl- 
:%i - Ag+ + LET- 
Cd’+ +‘?!&G&_ 
Cdl+ + 2m =sx, + 2H+ 
Ag+ + m=eH+ 
Cd’+ + ZCl- + ZNR,Cl $ CdCl,(NR,), 

log 8. - log ,B” + log&& + a log&_ - logf&&WJ+ 
pk; = ,PK + log&+ + 2 log&r- 
PK - ,PK, + lotzfM+ + logf,- 
Px, - .PK + lokIfkg* + logf,,- 

E. = WE,, + 0.03 log fw+ 
log K - log w K + logf,,, + 2&(H) 

of the reaction and of the extracted species must not 
change whatever the acid concentration in the 
aqueous phase. 

EXPERIMENTAL 

Determination of log f coeficients 
The normal potentials of cadmium were determined by 

polarography. The stoichiometry and stability constants of 
the cadmium~hloride complexes were defined from 
E,,, =f(log[Cl-]) curves (Fig. 1). The coefficients, logfler_ 
and logfo_ were evaluated potentiometrically from the 
curves for titration of Cl- and LET- with silver nitrate 
(with a silver electrode). 

Determination of precipitation and extraction constants 
The value of pK, for Cd(LET), was determined by 

polarography of the Cd*+ ions. This value was confirmed by 
measuring the percentage recovery of cadmium by ion 
flotation, the ratio [LEq/[Cd2+l = 4 being fixed at 4.0 
(Fig. 2). 

The constants for extraction into carbon tetrachloride 
were determined spectrophotometrically with dithizone 
(A = 620 nm) for silver and by polarography for cadmium. 
The concentration of dithixone (HDz) was varied from 
6 x 10-sM to 10-4M for 5 x lo-‘M silver concentration. 
For cadmium, [HDz] was 10e2M and [Cd2+] 5 x IO-‘M. 

Apparatus 
Polarograms were recorded with a Solea-Tacussel Tip01 

polarograph and an EPL II recorder. A commercial fibre- 
plug saturated calomel electrode (SCE) in a separate com- 
partment containing 0.M phosphoric acid was used as the 
reference electrode. Spectrophotometric studies were per- 
formed with a Beckman DU-7 spectrophotometer. 

\ c . 
\ I 

-700 

-2 -1 0 log [cl-] --+r 
-750 

t' 

Fig. 1. E,,2 =f(log[Cl-1) curves for the Cd-Cl system in 
5.W H,PO,. 

Reagents 
All chemicals used were of analytical reagent grade 

and purchased from Prolabo. Diethyldithiophosphate was 
purchased from Hoechst. 

RFSULTS AND DISCUSSION 

The values of log f and of the thermodynamic 
constants used to characterize the evolution of cad- 
mium reactivity with the concentration of phosphoric 
acid are given in Tables 2 and 3. 

In the first place, it can be seen that the Cd*+ ion 
undergoes strong desolvation as the concentration of 
the acid increases. The redox potential of cadmium 
increases by about 0.53 V on transfer from water to 
14M phosphoric acid. In the different equilibria 
examined, this effect is partially compensated by the 
change in solvation of the anion or by the increase in 
acidity. 

Flotation of Cd2+ by LET 

Diethyldithiophosphate is a weak base in water. 
This can explain why its solvation properties increase 
less with the acid concentration, compared to the 
more basic species SO:- and F-.” However, they are 
superior to those of Cl-. As long as the concentration 
of phosphoric acid is below 8M, LET is sul%ciently 
constant in solvation to be characterized and used as 
a precipitation or flotation reagent for cadmium, the 
species Cd(LET), being hydrophobic. 

The precipitation reaction becomes more complete 
as the acid concentration increases, because desolva- 

IOO- 

60 - 

60- 

s 

0: 
40- 

20- 

f 

-.- 

/ 

8 1 f 1 ’ ’ ’ I 
01234S67 

[H,PO.l M 

Fig. 2. Ion-flotation of cadmium with LET in H,O-H,PD4 
concentrated media: [Cd2+] = 5 x 10W4M. Phase volume 

ratio = 4. 
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tion of the cadmium ion is more important than Aly observed an increase in the extraction yield as the 

Table 2. Thermodynamic constants in H@H,PO, mixtures: potentials (V) are referred to the 
ferrkinitun/ferrccene system (E, - 0.400 V ~9. NHE in water) 

H,PQ 

H2O 2.OM 5.5M 8.Ohf 11.5M 14.OM 

%oI)Io -0.2 -1.9 -3.2 -6.1 -8.9 

l:gy:‘” E -0.800 1.6 -0.700 1.9 -0.600 -0.530 2.1 -0.418 2.6 -0.272 

lo8 82 2.1 Z:; i-90 
3:2 

:*: 3.5 4.0 
lo8 63 1.5 4.0 5.6 
log 8. 0.9 - 3:3 - 
lo&&z+ 

:,: 
13.1 1G 

lo8f,c,+ :4 419 z:: 8.4 
loi&c,, 1:2 2.7 4.0 -::: z4 
bfac,, -0.3 0.3 0.5 -0.6 
lo8f,c,I- -0.5 -1.7 -2.5 - - 

Eo As+/AIW 0.495 0.550 0.680 0.775 
E 0 wK0/.480) 

-%! -t%i 
-0.080 -0.045 0.030 0.105 

E 
ltgyr 

- 0:203 -0:137 -0.058 - - - 
0.7 1.6 2.6 4.8 6.4 

bf"- -1.0 -1.6 -2.1 -3.6 -4.9 
lOi%fLET- -1.1 -2.5 - - - 

solvation of the anion. As a result, an increase in the acid concentration increased, which can be explained 
flotation efficiency is observed (Fig. 2). By analogy, it by using the values of log f: Considering the equi- 
is possible to conclude that any precipitation reaction librium, which takes into account the phenomena for 
involving the cadmium ion and a weakly basic species all concentrations of acid, to be 
will be more complete in concentrated acid media. 

At the same time, the selectivity of the precipitation 
Cd2+ + 2 Cl- + 2 NR,Cl= CdCl,(NR,), 

reactions of Cd*+ in the presence of another cation where the bars indicate the organic phase, and assum- 
M*+ will depend on the terms log fa2+ and log fM2+, ing that the nature of the organic phase remains the 
and will be independent of the nature of the anion. same, it is possible to observe in 5.5M phosphoric 
For example, the pK of the reaction: acid, for example, that the increase in solvation of the 

2 Ag+ + Cd(LET),(,,= Cd2+ + 2 AgLET,, 

decreases by log fcdl+ - 2 log fAg+ = 3.7 on changing 
from water to SSM phosphoric acid medium. The 
desolvation of cadmium is more important than that 
of silver. 

Extraction of caakium with NR,CI 

In the extraction of cadmium by Alamine 336 from 
phosphoric acid in a chloride medium, StenstrBm and 

Cl- ion (2 logfc,_ = -3.2) does not compensate for 
the gain in reactivity of the Cd2+ ion (log fcd2+ = 6.9). 
Thus, with respect to water, the equilibrium is dis- 
placed towards the right. 

In the 5.M-f phosphoric acid media, the experimen- 
tal curve log Pcd = f (log[Cl-I), where Pcd is the parti- 
tion coefficient for Cd2+, is a straight line with a slope 
of 1.7, indicating that the extraction reaction is more 
complex than the equilibrium proposed above. From 
the cumulative formation constants for the cad- 

Table 3. Precipitation and extraction reactions of cadmium as a function 
of phosphoric acid concentration 

H,PQ 

2.OM 5.5M 8.OM 11.5M 14.OM 

px; Cd(LETh 

log R- cak 
log Rcdhl exp 
log Km talc 
log K&m exp 

11.0 11.7 >11.7 - - 

4.4 4.5 4.3 2.3 1.8 

I.5 677 -6.4 ;7 4.s 
- 6.8 6.4 6.1 - 

log Klw R 
cd(I1) = cd2+ -0.6 1.7 3.1 3.9 6.4 
cd(IIj = cda+ -0.9 1.3 
cd(H) = cdc12 -0.7 0.7 ::: 

28 
2’5 
1’3 

4-4 
cd(H) = CdCli -1.3 0.0 -0936 2’2 
Cd(H) = C&l,- -0.5 -0.5 I L 

w~x;ca(~mz=9.8 log,& = 1.4 log ,, RAIh = 7.0 
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Fig. 3. Extraction profile of cadmium with Alamine 336. 
[HCl] 0.02&f, 2% v/v Alamine 336.) 

mium-chloride complexes in this medium, it can be 
seen that the cadmium can be present as both Cd*+ 
and CdCl+, in ratio depending on the Cl- concentra- 
tion. Knowledge of the values of log R/,R for every 
form in which Cd(I1) exists, allows prediction of its 
partition, especially when it is found in a very 
different form in the acid solution and in the reference 
solution; K and ,K are the extraction constants for 
the acid and aqueous systems respectively. These 
values, as stated above, should be independent of the 
nature of the extractant. In effect, when all the 
cadmium is present as CdCl+, the following relation 
may be established: 

logRI,R= h?f,,++logf,- 

Knowledge of the value of ,R then allows proposal 
of a model for plotting percentage recovery US. phos- 
phoric acid concentration for constant values of [Cl-] 
and [NR,Cl], Fig. 3.3 

The difference observed between the experimental 
and calculated values may be due to several factors. 
For instance, if the nature of the organic phase 
changes with the acid concentration, the acid may be 
partially extracted in the presence of high extractant 
concentrations. If ion-associates are extracted, a spe 
ties such as CdCl,(NR,), may formally remain the 
same, but the solvation of its two components by 
residual water in the organic phase may vary. The 
nature of the chemical reaction may also change. 
Finally, the experimental determinations may have 
been done without a state of equilibrium being 
achieved. The comparison of experimental with cal- 
culated values can contribute precise information 
about these different aspects. 

The values of log f for the species Cd*+, CdCl+, 
CdCl,, CdCl; and CdCl]- in the different phosphoric 
acid media show without doubt the desolvation effect 
due to the addition of acid, and that this effect 
diminishes from Cd*+ to CdC12. The solvation of 
CdCl< varies little, and for CdCl:-, it varies in the 
same way as for Cl-. The desolvation of the CdCl, 

molecule becomes much more important as the 
activity of water in the medium diminishes. 

The fact that cationic or neutral complex species 
are less solvated in concentrated acid media gives rise 
to a weak variation of the formation constants as the 
medium is changed from water to phosphoric acid, 
contrary to what has been observed in the case of 
precipitation reactions. Thus, pKacLW and 

log Bcdc,* change, respectively, by + 1.9 (Table 3) and 
+0.9 (Table 2) when the medium is changed from 
water to 5SM phosphoric acid. 

Extraction of caahium by acidic extractants HA 

In this case, according to the extraction reaction: 
-- 

Cd*+ +2HA+CdA2+2Hi 

the variation of the distribution c&Bcient of cad- 
mium with the acid content is a function only of the 
acidity level of the acid phase &(H) and the term 
logf,,,. The numerical values (Table 2 and 3) show 
that in SSM phosphoric acid, the desolvation of 
cadmium largely compensates the acidity effect, thus 
the extraction reaction is theoretically more complete 
thaninwateratpH=O(pR-,pR=3.1).Thiseffect 
can also be observed for the 14M phosphoric acid 
medium. In the case of Ag+, the influence of the term 
&(I+) is more important because there is less desolva- 
tion of the silver ion than of the cadmium ion. The 
acidity effect is even more pronounced in the case of 
copper (Fig. 4). The calculated and experimental 
values are in good agreement in the case of silver and 
copper. For cadmium, although the Kvalues increase 
owing to the desolvation, they remain too low to lead 
to extraction of the cation under the usual experimen- 
tal conditions (for the SSM phosphoric acid medium, 
it can be calculated that a 50% extraction yield 
requires a OSM HDz concentration). 

By analogy with the precipitation reactions with 
LET, it is observed that the selectivity of the extrac- 
tion of silver in the presence of cadmium will depend 

0 2 4 6 E 10 12 14 

bVO.1 M 

Fig. 4. Extraction profile of Cd(E), Ag(I) and Cu(I1) from 
H,(SH,PG, concentrated media with dithixone in CC&. 
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on the acid concentration. The pK of the reaction: REFERENCES 
- - 

Cd2++2AgDz+CdDz2+2Ag+ 

decreases by log fa2+ - 2 log f&+ = 3.5 on changing 
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acid, and is independent of the nature of the extrac- 
tant. 
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Summary-Semi-Xylenol Orange forms a 2: 1 chelate with bismuth(III), which has a logarithmic value 
of 3.08 for its conditional formation constant and a molar absorptivity of 4.2 x 10’ l.mole-’ .cm-‘. Beer’s 
law is obeyed at 540 nm over the range 10-30 pg of Bi(III), with a standard deviation of 1.1 pg (n = 18). 
Lactic acid is used as an auxiliary complexing agent to prevent olation and oxolation. Interference from 
up to 1.3 mg of copper can he eliminated by the combined use. of masking Cu(I1) with thiourea, ascorbic 
acid and thiosemicarbazide and “post-masking” Bi(II1) with sodium chloride. The proposed method has 
been successfully applied to the direct determination of 2 0.002% of Bi in lead metal, with a coefficient 
of variation varying from 3.7 to 6.9%. 

Xylenol Orange (X0) has been used for spectro- 
photometric determination of bismuth*” but the sys- 
tem is complicated by the possibility of forming more 
than one reaction product’*’ and is very sensitive to 
pH. A possible solution would be to use a reagent 
with fewer chelating groups, such as Semi-Xylenol 
Orange (SXO), but this is difficult to obtain in pure 
form. Murakami et ~1.~ reported a method of syn- 
thesizing pure SXO, but its reliability was later 
questioned.’ Kosenkos reported a purification by gel- 
permeation chromatography, but failed to remove 
all X0. Smedes et ~1.~ purified SXO by reversed- 
phase HPLC, but could produce only 0.2 g per day. 
SXO free from X0, iminodiacetic acid, Cresol Red 
and other chelating impurities, as shown by thin- 
layer chromatography, has now been made in China 
and fast-atom bombardment mass spectrometry10 
used to characterize it as the monosodium salt. It 
is used in the new spectrophotometric method for 
determination of bismuth proposed in this paper. 

EXPEIUMENTAL 

Reagents 

Analytical-reagent grade chemicals were used and sol- 
utions were prepared with demineralized water unless 
otherwise specified. 

Nitric acid, ultrapure grade, I + I, 1 + g, and 0.2M. 
Fluoroboric acid solution. Mix 20 ml of 40% hydrofluoric 

acid and 180 ml of saturated boric acid solution in a 
polyethylene bottle. 

*Author for wrrespondence and requests for reprints. 
Present address: 99 Handan Lu, 200433, Shanghai, 
People’s Republic of China. 

Lactic acid solution, 0.2%. 
Thiourea solution, 3.6%. 
Ascorbic acid solution, 4%. Freshly prepared. 
Thiosemicarbaziais solution, 0.04%. 
Saturated sodium bicarbonate solution. 
Lead nitrate. Ultrapure grade, Bi-free. 
Semi-Xylenol Orange solution in 50% ethanol, 0.1%. 
Bismuth standard solution A (I mglml). Dissolve 100.0 mg 

of bismuth metal ( 2 99.9% pure) by warming with 10 ml 
of nitric acid (1 + 1). Cool to room temperature. Transfer 
the solution into a lOO-ml standard llask and dilute to 
volume with the same acid. 

Bismuth standard solution B (20 pg/ml). Prepared as 
required, Pipette 1 ml of bismuth standard solution A into 
a 50-ml standard flask and dilute with 0.2M nitric acid to 
volume. 

Procedures 

Calibration graph. Pipette 0.50, 0.75, 1.00, 1.25 and 
1.50 ml of Bi standard solution B into 25-ml standard 
flasks. To each flask add successively, with mixing after 
each addition, 1.0 ml each of the fluoroboric acid and 
lactic acid solutions, and 5 ml of thiourea solution. 
Adjust to pH 1.5 by dropwise addition of saturated 
sodium bicarbonate solution (test with pH 0.5-5.0 test 
paper). Add 2 ml of ascorbic acid solution and let stand 
for 5 min. Finally add 2.50 ml of nitric acid (1 + 8) and 
1.0 ml of SXO solution, dilute to volume with water and 
measure the absorbance at 540 nm against a reagent blank, 
in 2-cm cells. 

Determination of bismuth in lead metal. Weigh a sample 
containing 15-30 pg of Bi, into a 50-ml beaker. Add 3 ml 
of water and 4 ml of nitric acid (1 + 1). Warm gently till 
dissolution is complete. Cool to room temperature. Transfer 
the solution into a 25-ml standard flask, then proceed as for 
calibration but add 0.5 ml of thiosemicarbaxide solution 
aRer the ascorbic acid. 

If the sample weight is >0.3 g add an equivalent 
weight of lead nitrate to each calibration standard [1.6 g 
ofPb(NO,),=l gofPb]. 

733 
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Table 1. Effect of acidity [Bi(III) 2Opg; 
1% SXO 1 ml; volume 25 ml; path-length 

- 2cm] 

Acidity, M Absorbance at 540 nm 

0.40 0.034 
0.25 0.247 
0.20 0.315 
0.15 0.297 
0.10 0.280 

RESULTS AND DISCUSSION 

Reaction conditions 

Table 1 shows that the optimum acidity is 
0.150.2M, hence 0.18M is specified in the procedure. 
This acidity is much higher than that used earlier 
(pH 1.8 or 1.2-l .3)” and should enhance the selectiv- 
ity. Either sulphuric or nitric acid may be used, but 
the former should be used when lead is present. 

Table 2 shows that the excess of SXO is not critical, 
and a total of 1.0-1.1 mg is specified to reduce the 
reagent blank. 

The absorbance remains unchanged for an hour 
after colour development, and then slowly decreases. 

Bi(II1) is readily hydrolysed, and during the initial 
pH adjustment may form inert species by olation 
and oxalation,” thus leading to error. To obviate 
this, lactic acid is added as a weak complexing agent, 
chosen because in the amount used it does not 
interfere (Table 3) and it is superior to citric or 
tartaric acid, which tend to form polynuclear 
chelates,” thus exerting an interfering effect. 

The effects of some masking agents and surfactants 
are summarized in Table 3. 

Thiourea, ascorbic acid and fluoroboric acid are 
tolerable in appropriate amounts and can be used to 
enhance the selectivity, but ethanol, ethylene glycol, 
Triton X-100 and cetylpyridinium bromide do not 
exhibit any sensitizing effect. 

Interferences 

The effect of some metals possibly present in lead 
alloys was studied and the results are summarized in 
Table 4. 

In general, bivalent cations do not interfere at the 
specified acidity. Thorium and zirconium interfere. 
Lead(II), if present in sufficient amount, also reacts 
slightly with SXO, as revealed by the data in Table 4. 
The extent of this reaction is reduced somewhat in the 
presence of thiourea, which also forms complexes 
with Pb(II)i4 (log /I4 = 2.04). 

Table 2. Effect of SXO with 0.18M 
HNO, [Bi(III) 2Opg] 

SXO added, mg Absorbance 

0.75 0.272 
1.00 0.285 
1.40 0.292 
2.33 0.290 

Table 3. Effects of electron donors and surfactants 

Electron donor 
or surfactant 

Added, Bi(III), Irg 

mg ml Added Found 

Thiourea 

Ascorbic acid 

Ascorbic acid + thiourea 

Thiosemicarbazide 

Monochloroacetic acid 

l,lO-Phenanthroline 

2,2’-Bipyridyl 

Glacial acetic acid 

Lactic acid, 0.2% 
Ascorbic acid + 

lactic acid, 0.2% 

Fluoroboric acid* 

Ethanol (95%) 

Ethylene glycol 

Triton X-100, 1% 

Cetylpyridinium 

8 
10 
14 
20 

100 

180 

80 
0.2 

160 

20 
50 

50 

100 

20 
20 
20 
20 

30 

20 

30 
30 

30 

30 
30 

30 

5 20 

1 20 

1 20 

1 20 
2 20 
5 30 

10 20 

5 30 

5 30 

1 30 

bromide, 0.5% 1 30 26 

20 
20 
20 
20 

30 

20 

6 
29 

28 

29 
24 

30 

6 

20 

20 

20 
19 
26 
11 

30 

26 

30 

*Preparation described under Reagents. 

Table 4. Effect of diverse cations 

Bi, ptz 
Cation Added, mg Added Found 

Ag(I) 0.01 20 20 
As(II1) 2.25 20 20 
Cd(I1) 2 30 30 

3 20 20 
Cu(I1) 0.1 20 20@’ 
Fe(II1) 0.1 20 21@’ 

0.05 20 20@’ 
Sb(II1) 0.07 20 21’s”’ 
Sn(IV) 0.05 20 2OW 
Pb(I1) 20 20 20&b”) 

50 20 20(&W 
200 16 16W.C) 
300 24 24W.c) 
500 10 1 j’@.W 
500 16 2 1 Wc) 
500 30 30&b.” 

20 - 6’C’ 
300 - 2u.b) 
500 - 8W’ 

Added in advance: (a) 18 mg of thiourea and 
100 mg of ascorbic acid; (b) 1 ml of HBF,; (c) 
1 ml of lactic acid (0.2%). 
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Table 5. Matrix effect of Pb(I1) on the 
absorbance 

Absorbance 

Bi(II1) added, pg A, A2 

10 0.160 0.263 
20 0.309 0.370 
30 0.451 0.460 

A, in the absence of Pb(I1); A, in the 
presence of 500 mg of Pb(I1). 

When lead is the matrix metal its effect is negligible 
if the amount in the sample solution is less than 
300 mg but quite appreciable for 2 500 mg. The 
lower the Bi(II1) concentration, the more pro- 
nounced the matrix effect of a fixed amount of Pb(II), 
and, for a fixed concentration of Bi(III), the more the 
amount of Pb(I1) present, the more pronounced 
its matrix effect. This is easily explained, since 
[pb] >>[SXO]>>[Bi], so the free SXO concentration is 
almost constant, irrespective of the amount of bis- 
muth present, hence although the conditional con- 
stant for the lead-SXO complex is very low, doubling 
the lead concentration will double the amount of 
lead-SXO complex formed. However, because of the 
interplay of effects, the matrix effect of a fixed 
amount of Pb(I1) is not constant and cannot be 
corrected for simply by adding the same amount of 
Pb(I1) to the reagent blank. The problem may be 
alleviated (though not cured) by using a matrix- 
matched calibration graph, the effect of the matrix 
lead being to reduce the slope of the calibration line 
and also to add a large matrix signal (Table 5). 

Sn(IV) and Cu(I1) interfere when present in 
amounts larger than those given in Table 4. Sn(IV) 
interferes in two ways, by forming a coloured chelate 
with SXO, and by hydrolysing, making the solution 
turbid. 

Masking of Cu(II) 

Means of masking up to 1.3 mg of Cu(I1) were 
explored. Although 180 mg of thiourea and 100 mg 
of ascorbic acid will effectively mask 100 pg of 
copper, this treatment is ineffective for larger 
amounts. 2,2’-Bipyridyl would serve the purpose, but 
forms a coloured chelate with Fe(II), and iron is 
commonly present in alloys. Consequently the com- 
bined use of ascorbic acid, thiourea and thiosemicar- 
bazide was attempted (Table 6), on the basis that at 
pH 1.5 most of the Cu(I1) would first be masked as 

Table 6. A combined masking technique for Cu(I1); 
Cu(I1) 1.3 me. ascorbic acid 100 mg,’ thiourea 18 mg 

Tbiosemicarbazide Added, pg 

added. rng Bi(II1) Cu(I1) Absorbance 

- 20 - 0.309 
0.50 20 - 0.255 
0.25 20 - 0.280 
0.20 20 - 0.292 
0.20 - 1300 0.113 
0.20 20 1300 0.425 

Table 7. Effect of NaCl on the Bi-SXO chelate system* 

NaCl added Absorbance Bi(II1) found, 
mg ml? Ai A2 AA Pg 

- 0.451 - - 
3.5 0.416 0.035 1.5 

90 0.086 0.365 24 
130 0.026 0.425 28 
153.5 0.005 0.446 29.5 
173.5 -0.011 0.462 30.5 

0.5 0.042 0.409 27 
0.7 0.007 0.444 29.5 
0.9 -0.012 0.463 30.5 

*Containing 30 Pg of Bi(II1) in 25 ml. 
tOf saturated solution. 

the cuprous thiourea complex by use of thiourea and 
ascorbic acid, and the rest with thiosemicarbazide. 
Only the tolerable amounts of these reagents 
(Table 4) can be used, and the thiourea must be added 
before the ascorbic acid. 

Although not all the Cu(I1) can be masked in this 
way (Table 6), the absorbances due to the residual 
copper and the bismuth are additive. This allows 
complete correction for the copper effect by measur- 
ing the sum of the two absorbances, then destruction 
of the bismuth-SXO complex and measurement of 
the residual absorbance. The bismuth content is then 
obtained from the difference in absorbance. We have 
suggested calling this a “post-masking” reaction he- 
cause the analyte is masked after the determinative 
reaction has taken place. Is However, it could equally 
well be called a displacement or release reaction. It 
was originally called a difference method.16 NTA, 
HEDTA and diammonium hydrogen phosphate were 
tried as the masking reagent, but without success. 
The most promising reagent was sodium chloride 
(Table 7). 

The addition of 160-170 mg of the solid or 
0.7-0.9 ml of its saturated solution will satisfactorily 
mask up to 30 pg of bismuth in 25 ml of solution. For 
convenience and to avoid dilution problems, solid 
sodium chloride can be added directly to the cuvette. 
Table 8 shows that lo-30 pg of Bi(II1) can be 
determined accurately in the presence of 1.3 mg of 
Cu(I1) in this way. 

As lead can be precipitated and complexed with 
chloride, this aspect was studied. Under the specified 
conditions a solution containing 20 mg of Pb(I1) 

Table 8. Use of NaCl as a “post-masking agent” for Bi(II1) 

Added pg Absorbance* Bi(II1) found, 
Bi(II1) Cu(I1) A, A, AA pg 

30 - 0.436 0 0.436 29 
20 - 0.283 -0.021 0.304 20 
10 - 0.127 -0.028 0.155 9.5 
30 1300 0.550 0.086 0.464 30.5 
20 1300 0.406 0.097 0.309 20 
10 1300 0.248 0.079 0.169 10.5 

*A, absorbance measured before addition of NaCI; 
A, absorbance measured after addition of NaCl and 
vigorous shaking for l-2 min. 
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Table 9. Effect of reaction of Cl- with Pb(II) on the Bi-SXO 
chelate system 

Added, /.QI Absorbance Bi(II1) found, 
Pb(II) Bi(II1) A, A, AA PkY 

20000 - 0.026 0.014 0.012 - 
30000 - 0.025 0.011 0.014 - 
20000 20 0.307 0.018 0.289 19 
30000 20 0.316 0.004 0.312 20 

A, and A2 as for Table 8. 

remained clear and transparent when 8 drops of 
saturated sodium chloride solution were added 
whereas another containing 500 mg of Pb(I1) turned 
turbid on addition of only 2 drops. The maximum 
tolerable amount of Pb(I1) was found to be 30 mg, as 
shown in Table 9. 

The Bi-SXO chelate 

The absorption maximum of the Bi-SXO chelate 
lies at 540 run, as shown in Fig. 1. This wavelength 
is therefore used for the determination. SXO has its 
absorption maximum at 440 nm.” Under the 
specified conditions SXO reacts with Bi(II1) to form 
a Bi(SX0)2 chelate, as shown by the mole-ratio and 
slope-ratio methods. This, though contradicting the 
earlier report of a 1: 1 complex,” would seem more 
likely, since X0, possessing two independent chelat- 
ing groups, reacts with Bi(II1) to form a 1: 1” or 2 : 2r8 
chelate. Beer’s law is obeyed over the range lo-30 pg 
of Bi(II1) in 25 ml of solution, which may be extended 
to 50 pg if the amount of SXO added is doubled. 

Application 

The proposed method can be used to determine Bi 
in lead metal without any preliminary separation. 
This has been verified by analysing some simulated 
(Table 10) and industrial (Table 11) samples. The 
limit of determination is 0.002% and may be ex- 
tended down to 0.001% if the standard-addition 
technique is adopted. 

The method is more sensitive than the methods 
with X0,” thioureai9 and diethyldithiocarbamate.20 
The weight of lead taken for analysis can thus be 
reduced, compared with other methods (Table 12). 

800 600 

Wavelength (nm) 

Fig. 1. Absorption spectrum of Bi-SXO chelate: l-cm cell; 
1.8 x 10-6M Bi: 7.2 x 10-5M SXO. 

The amount of SXO added is not critical and its 
reaction with Bi(II1) is instantaneous. There is no 
need to wait for 30 min before measurement, as 
recommended by Sonoda et al.” The temperature 
effect is negligible whereas the thiourea method needs 
rigid control to f l”.i9 The use of toxic chemicals 
such as potassium cyanidea or bruciner2 is dispensed 
with. 

Other applications of the method will be reported 
in the near future. 

CONCLUSION 

Semi-Xylenol Orange of chromatographic purity, 
in the form of the monosodium salt, is recommended 

Table 11. Determination of Bi in lead metal 

Bi found, % 

Proposed Thiourea 
method method Sample 

Al92 0.0074 0.008 
4-654 0.0063 0.006 
A444 0.0022 0.002 
A 972 0.0015+ 0.001 
BDH Chemical, 441130 0.0016. 0.001 

*By standard addition technique. 

Table 12. Sample weight of lead specikl 
for analysis by different methods 

Sample weight, I Method 

GO.5 
l-4 

2.5 
10 

Proposed method 
X.0. method2’ 
DDTC extraction22 
ASTM E 37-76 

Table 10. Determination of Bi in some simulated samples* by the 
proposed method 

Bi(III), M 

Composition of the sample, mg Added Found 

Pb(I1) 20; Sb(II1) 0.07; Sn(IV) 0.05 20.0 20.2 
Pb(I1) 30; Sb(II1) 0.028; Sn(IV) 0.02 20.0 20.5 
Pb(I1) 50; Sb(II1) 0.028; Sn(IV) 0.02 20.0 21.0 
Pb(I1) 300, Sb(II1) 0.028; Sn(IV) 0.02 16.0 16.1 
Pb(I1) 500; Sb(II1) 0.028; Sn(IV) 0.02 16.0 17.0 

12.0 14.0 

*Prepared according to the specifications of Chinese National Stan- 
dards GB 469 and 1470-1474. Each sample contains also: 
Cu(I1) 0.018; As(II1) 0.05; As(I) 0.002; Fe(II1) 0.002; 
Zn(I1) 0.013; Ca(I1) 0.06; Mg(I1) 0.06. 
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as a spectrophotometric agent for Bi(II1). The con- 
ditional formation constant (log K;) and the molar 
absorptivity of the complex have been calculated to 
be 3.08 and 4.2 x 104 l.mole-‘.cm-’ respectively. 
Beer’s law is obeyed over the range lo-30 pg of 
Bi(III), with a standard deviation of 1.1 pg (n = 18). 
It has been successfully used to determine Bi in 
lead metal, with a coefficient of variation of 
3.7-6.9%. 
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Summary-A new spectrophotometric method for the determination of zinc is proposed. The chromo- 
genic agent Hydrazidazol forms a 1:l chelate with zinc in the presence of Triton X-100 in a medium 
containing 2040% ethanol. The molar absorptivity and conditional formation constant have been found 
to be 2.7 x 10’ l.mole-‘ . cm-’ (at 640 nm) and lO’,‘* respectively. Beer’s law is obeyed for zinc over the 
range of 0.2-0.8 pg/ml with a standard deviation of O.O24pg/ml. The method can be applied to the 
determination of zinc in cadmium metal and its oxide after preconcentration by selective extraction of 
zinc thiocyanate into ethyl acetate in the presence of EDTA and thiosulphate as masking agents. 

Hydrazidazol, 1-(2-butyrohydrazidonaphthalene)azo- 
2-hydroxy-4_nitrobenzene, has been used as a metal- 
lochromic indicator.13 In this paper its use as a new 
spectrophotometric agent for zinc is proposed, espe- 
cially in determination of traces in cadmium. Besides 
its use in electroplating, cadmium is widely used in 
batteries and low-melting alloys, and in solar-energy 
cells of thin-film type. However, determination of its 
zinc content remains one of the difficult problems in 
analytical chemistry. Hydrazidazol is a promising 
reagent for this purpose since it does not form 
coloured chelates with cadmium. Detailed study 
shows, however, that separation of the bulk of the 
cadmium is essential for satisfactory determination of 
the zinc. For this purpose extraction of zinc thio- 
cyanate into ethyl acetate is recommended. 

EXPERIMENTAL. 

Reagents 
Analytical-reagent grade chemicals were used and solu- 

tions were prepared with demineralized water unless other- 
wise specified. 

Hydrochloric acid, ultrapure grade, concentrated and 2M. 
Acetic acid, 4% v/v. 
Triton X-100 solution, 1% v/v. 
p-Nitrophenol solution, I g/l. 
Ammonia solution, ultrapure grade, concentrated and di- 

luted tenfold. 
Hydrazidazol solution in acetone, 0.14 mgjml. 
Borate buffer solution. Transfer 12.31 g of boric acid into 

a polyethylene bottle marked at 1000 ml. Add 800 ml of 
water and 4 g of general-reagent grade sodium hydroxide. 
After dissolution is complete dilute to the mark and mix. 

*Author for correspondence: present address 99 Handan 
Lu, 200433 Shanghai, People’s Republic of China. 

Add the solution dropwise, with stirring, to 100 ml of 0. 1M 
hydrochloric acid and 2 drops ofp-nitrophenol indicator, in 
a Teflon beaker, till a yellow colour appears. Store the buffer 
in a polyethylene bottle. 

Zinc standardsolution A (Zn l.OOmg/ml). Dissolve 0.6223 
g of zinc oxide of 2 99.9% purity in 30 ml of 2M hy- 
drochloric acid by gentle warming. Cool, transfer into a 
SOO-ml standard flask, dilute to volume and mix. 

Zinc standard solution B (10 pgglml). Prepare fresh by 
hundredfold dilution of standard solution A. 

EDTA solution, O.OlM. 
Sodium fluoride solution, 1 g/l. Store in a polyethylene 

bottle. 
Metanil Yellow solution, 1 g/l. 
Wash solution. To 75 ml of water add 5 ml of 2M 

hydrochloric acid and 20 ml of 50% sodium thiocyanate. 
solution and mix. 

Ethyl acetate. Before use shake vigorously with an qua1 
volume of 0.1 M hydrochloric acid for 1 min and discard the 
lower layer. 

Sodium thiocyanate solution, 50%. Dissolve 50.0 g of 
sodium thiocyanate in 70 ml of water in a 400-ml silica 
beaker, transfer the solution into a 125-ml separatory funnel 
and shake it vigorously with successive lO-ml portions of 
1% N-benzoyl-N-phenylhydroxylamine solution in chloro- 
form for l-2 min until a colourless organic phase results. 
Wash once by shaking with 10 ml of chloroform for 1 min. 
Next shake with 10 ml of 0.001% dithizone solution in 
carbon tetrachloride, followed by washing with 10 ml 
of chloroform. Return the aqueous phase to the original 
silica beaker and boil off residual chloroform dissolved in it. 
Evaporate the solution to ca. 90 ml and cool to room 
temperature. Transfer the purified solution into a 100~ml 
standard flask, dilute to volume and mix. 

Procedures 
Spectrophotometric determination of Zn. Pipette S ml of an 

acidic sample solution containing ~20 pg of zinc into a 
25-ml standard flask. Add, mixing after each addition, 0.5 
ml of 4% acetic acid, 8 ml of 95% ethanol, 2 ml of Triton 
X-100 solution and 1 drop ofp-nitrophenol indicator, then 
ammonia solution (1 + 9) dropwise till the appearance of a 
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distinctly yellow colour. Add 3.0 ml of borate buffer and 
1 .O ml. of Hydraxidaxol solution, dilute to volume and mix. 
Measure. the absorbance at 640 nm against a reagent blank, 
in l-cm cells. 

Caltbrurton graph. Pipette 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 
2.0 ml of zinc standard solution B into 25.ml standard 
flasks. Proceed in accordance with the procedure above. 
Plot the absorbance readings VS. cp of Zn to construct 
the calibration graph. Any Hydraxidaxol adsorbed on the 
walls of the cells can be rinsed off first with acetone, then 
with water. 

Determination of Zn in Cd and its oxide. Transfer 
an appropriate sample (0.1 g for &O.Ol% Zn, 0.5 g for 
O.OOl~.Ol%) weighed to the nearest mg, into a 200~ml silica 
beaker. Add 2 ml of concentrated hydrochloric acid and a 
few drops of concentrated nitric acid, warm till dissolution 
is complete and evaporate nearly to dryness. Cool, add a 
little water and warm until the salts are dissolved. Transfer 
the solution into a separatory funnel, dilute to about 15 ml 
with water, add 1 drop of Metanil Yellow indicator and 
ammonia dropwise till the indicator just turns yellow, then 
add 1.25 ml of 2M hydrochloric acid and dilute to 20 ml 
with water. Add, mixing between additions, 0.5 ml of EDTA 
solution, sodium thiosulphate pentahydrate (0.2 g per 0.1 g 
of sample) and sodium thiocyanate solution (4 ml for a 0. l-g 
sample, 6.5 ml for 0.5 g). Add 25 ml of ethyl acetate, stopper 
the funnel, shake the solution momentarily, release the 
pressure carefully, then shake the funnel vigorously for 
3 min. Discard the lower (aqueous) phase. Shake the organic 
phase for 1 min with 10 ml of wash solution. Discard 
the aqueous phase and transfer the organic extract to the 
original silica beaker. Rinse the separatory funnel thrice 
with water and add the washings to the extract. Evaporate 
to dryness under a fume-hood. Add 8-10 drops of c&en- 
trated nitric acid and 5 drops of 60% perchloric acid and 
heat again to dryness. Cool and add a little water to dissolve 
the residue. Transfer the solution into a 25-ml standard 
flask,* add 1 .O ml of sodium fluoride solution and complete 
the analysis as described above. 

RESULTS AND DISCUSSION 

Adjustment of pH 

Because an aqueous organic solvent system is used 
(and Triton X-100 may be adsorbed on a glass 
electrode) a pH-meter would record only an apparent 
pH, so an acid-base indicator is used in the pH- 
adjustment. The basic form of the indicator must have 
negligible absorbance at 640 nm. 

Neutral Red and m- and p-nitrophenol are all 
suitable but the last is best because its yellow colour 
is the palest, and its absorbance at 640 run the least, 
so its colour does not greatly affect that of the zinc 
complex (Fig. 1). 

Choice of medium 

As reported earlier,’ an aqueous ethanol medium is 
necessary for the colour reaction to take place, and 
20-40% ethanol was found to be optimum. 

To enhance the solubility of the chelate and the 
sensitivity of the spectrophotometric system Triton 
X-100 is also added. Its effect on the absorbance 
of the zinc chelate is shown in Table 1. Addition of 

*If the solution contains 320 pg of zinc, dilute to volume, 
transfer an appropriate aliquot to another 25-ml stan- 
dard flask and continue as described. 

A I 
II 
1 I I 1 

7.0 7.5 8.0 

PH 

Fig. 1. Absorbance of the zinc-Hydraxidaxol complex at 
640 nm as a function of pH (Zn 20 pg, Hydraxidaxol2 mg). 

2 ml of 1% Triton X-100 solution is recommended. 
It does not shift the wavelength of the absorption 
maximum. 

To maintain the pH of the system a buffer is 
added, and in its preparation the same pH indicator 
(p nitrophenol) is used. Table 2 shows the optimum 
amount of buffer is 3.0-3.5ml. 

Amount of Hydrazidazol 

The absorption spectra of Hydraxidaxol and its 
zinc chelate are shown in Fig. 2. The absorbance can 
be measured at the absorption maximum at 640 nm 
against a reagent blank. 

It was found that the absorbance obtained with 20 
pg of zinc increased slightly with increasing amounts 
of Hydrazidaxol above 0.12 mg, but 0.14 f 0.1 mg 
gave practically the same absorbance, so 1.0 ml 
of 0.014% solution is recommended. The molar 
absorptivity of the complex at 640 mn is 2.7 x 10’ 
1. mole-’ . cm-‘, and the conditional formation con- 
stant under the conditions used is 105.32. The standard 
deviation is 0.024 pg/ml (12 replicates) and Beer’s 
law is obeyed over the range 0.2-0.8 pg/ml in the 
final solution measured. The absorbance remains 
virtually unchanged for at least 20 min after full 
colour development, and then slowly decreases. 

Hydrazidazol is soluble in ketones such as acetone 
or 4-methylpentan-2-one. Its molecular weight is 
393.39, as confirmed by the mass spectrometric data, 
and its melting point is 1 1 1”, as found by differential 

Table 1. Effect of T&on X-100 (10 cg 
of zinc) 

1% Triton X-100 
solution added, ml Absorbance 

G 0.112 
0.1% 

1.0 0.203 
1.5 0.214 
2.0 0.223 
2.5 0.226 
3.0 0.220 
3.5 0.225 
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Table 2. Effeot of borate buffer of 
(20 UB of zinc) 

Tabie 3. Reactions of Hydraaidaxol 
with diverse cation8 

Buffer added, 
ml Absorbance 

Added, 
Cation M Absorbance 

z 
217 

0.250 0.365 
0.375 

3.0 0.380 

it:: 0.385 0.385 
d:‘: 0.385 0.383 

scanning thermal analysis. Its zinc chelate was shown 
to be a I:1 complex by the Laxarev,3 mole-ratio and 
continuous variation methods. 

Interferences 

The reactions of Hydraxidaxoi with diverse cations 
were studied under the conditions used for zinc 
determination and the results are summarized in 
Table 3. The reactions with Co(II), Cu(II), Fe(III), 
Fe(II), Ni(II) and Ti(IV) were not studied since these 
ions were already known to interfere.’ It is note- 
worthy that cadmium does not form a coloured 
chelate with Hydrazidaxol. 

Nevertheless, the presence of 0.1 g of cadmium as 
matrix does exert an intetiering effect (Table 4). 
Sodium iodide proved useless, as a masking agent in 
this context, and a preliminary separation of zinc 
from the bulk of the matrix seems essential for its 
&~~nation in cafe metal or oxide. 

Zinc can be readily separated by solvent extraction 
of its thiocyanate. A chloride medium would seem 
preferable to sulphate, because chloride complexes 
zinc much less strongly (log fi3 = 0. I 5)4 than sulphate 
does (log @, = 2.3)4 but complexes cadmium more 
strongly than sulphate does. 

Ion-associate systems containing cations of high 
mol~u~r-waft amines, quatemary ~rnoni~ 
salts or basic dyes have been used for extracting zinc, 
but such systems&‘o were not adopted by us since 
cations of these types would interfere in the subse- 
quent determination, as pointed out by Gagliardi and 
Wieland.” 

Diethyl ether is generally used as the solvent.‘* 
A mixture of I-pentanol and diethyl ether (1 + 4)” 
could also be used. An alternative would be 4-methyl- 

Fig. 2. Absorption spectra of Hydrazidazol and its 
Zn-chelate: l-cm cell. l-l.4 x lo-’ h4 Hydrazidazol; 2- 

1.4 x lO-sM Hydrazidazol and 9.2 x 10s6iId Zn(II), 

2 
$?I” 

E&II) 

Pb(II) 
Sb(III) 
Sn(IV) 

&I~ 

0.010 
0.005 
O&Of 
0.002 
0.036 
0.045 

x:zE 
0,OOQt 
0.021t 
0.018 
0.005 . , 

*1.5 mg of tartark acid added. 
tl5 mg of tart&c acid. 

pentan-2-one” or 3-methylbutan-1-ol,‘“*‘fJ6 but it is 
not easy to volatilixe either of these and the zinc 
would have to be stripped, with risk of low recovery. 
However, we have found that a single extraction with 
ethyl acetate at pH 1 is quantitative. 

The amount of sodium thiocyanate needed 
depends on the amount of cadmium present. It 
should ensure complete extraction of zinc but 
keep the amount of cadmium co-extracted low. 
Accordingly its final inanition is specified as 
1M in the presence of 0.1 g of cadmium and 1.6M 
for 0.5 g. 

The volumes of both the aqueous and organic 
phases are specified as 25 ml. Before the extraction 
the ethyl acetate should be equilibrated with an equal 
volume of 0.1 A4 hydrochloric acid. The extraction of 
zinc is followed by washing with 10 ml of 1.2M 
sodium thiocyanate acidified to pH 1 to remove any 
concomitant cations co-extracted (Table 4). 

To enhance the selectivity further, sodium thio- 
sulphate is added to mask Cu(I1) and also Cd(I1) 
[the Cd-thiosulphate complex is more stable than 
the thiocyanate complex (log fi3 = 1.2&r* 1.93,i9 or 
2.620)]. Thiourea, though commonly used to mask 

Table 4. Effects of diverse cations and ligands 

Zn*Irg 
Added, 

Cation or ligand Added Found 

NaF 
TliiOWG8 

Citric acid As(II1) 
Al 
Mn(II) 
PboI) 
Sb(II1) 
Sn(IV) 
TUI) 

11 
E :t IO 

500 10 2 Y 
:8 20 20+ 

20 20.5 
50 21 
10 ;: 20* 
10 
10 : ; 

* 

Fe(H) 10 
Ft(III) :8 : 18.9 

3 1 x 50 105 16 5 17 16 
Cd 1 x lo5 16 II 

*With 2 ml of 0.05% NaF solution added. 
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Table 5. Determination of Zn in simulated solutions 
of pure cadmium metal 

Composition, M 

Zn, m 
Added Found 

- 5 5.5* 
- 5 5t 
Cd 1 x lo5 5 1.5’ 
Cd 1 x lo5 5 5t 
cd 1 x 105 5 5t 

Cd 1 x 105, Cu 20, Fe 5, Pb 50 Cd 1 x lo’, Cu 20, Fe 5, Pb 50 1; 12% 
Cd 1 x 105, Cu 20, Fe 5, Pb 50 15 14.q 

*Extraction in the absence of maskants, without 
washing. 

TExtraction in the absence of maskants, with 
washing. 

$Extraction in the presence of maskants, with 
washing. 

copper, is unsuitable in this case because its copper 
and cadmium complexes are positively charged and 
will be extracted as ion-associates with thiocyanate. 

Also, EDTA is used to mask Fe(III), up to 50 pg 
of which can be masked with the amount of EDTA 
specified. 

Applications 

Zhou Nan, Lu Zhi-Ren and Gu Yuan-Xiang, Talanta, 
1983, 30, 851. 
Zhou Nan, Gu Yuan-Xiang, Lu Zhi-Ren and Chen 
Wei-Yong, ibid., 1985, 32, 1119. 
A. I. Laxarev, Zavodrk. Lab., 1975, 41, 534. 
A. Ringbom, Complexation in Analytical Chemistry, 
pp. 310-359. Interscience, New York, 1963. 
R. Belcher, Talanta, 1969, 16, 1089. 
E. M. Donaldson, D. J. Charette and V. H. Rolko, ibid., 
1969, 16, 1305. 
A. K. Babko and P. V. Marchenko, Tr. Komirs po 
Analit. Khim. 1958, 9, 65. 
P. V. Marchenko, ZavodFk. Lab., 1960, 26, 532. 
C. W. McDonald and T. Rhodes, Anal. Gem., 1974,46, 
300. 

As the tolerance levels for other cations [except 
Fe(U) and Cd] are below those usually found for 
these elements in cadmium metal,2L~22 and silver does 
not react with Hydrazidazol, the method may be 
useful for determination of trace zinc in cadmium, 
one of the difficult problems in analytical chem- 
istry. This has been validated by analysing some 
simulated samples (Table 5) and one sample each of 
cadmium metal and cadmium oxide (Table 6). The 
results obtained by the proposed method are con- 
cordant with those obtained by the ASTM AAS 
method.” 
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960. 

The AAS method2* requires 5 g of sample and 
is applicable to determine > lo-‘% of Zn, whereas 
the proposed method needs only ~0.5 g of sample 
and the recommended range of determination is 
> lo-‘%. The standard addition method can be used 
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for the lowest amounts. 
21. Chinese National Standard GB-914-66. 
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Table 6. Determination of Zn in pure cadmium 
and ita oxide 

Zn found, % 

Sample Proposed method AAS methoda 

Cd metal 1.2 x 10-3 1.2 x 10-S 
Cd0 1.1 x 10-3 1 x 10-3 

1.2 x lo-‘* 

*By standard addition method. 
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Summary--A new method based on electrothermal atomic-absorption spectrometry is proposed for the 
experimental calculation of the product KN, where K is a constant which relates the instantaneous 
absorbance to the instantaneous number of atoms electrothermally atomized in a graphite cuvette, and 
N0 is the number of atoms initially deposited in the graphite cuvette. The method is based on measurement 
of the integrated absorbance Ai and the average residence time ta of the atoms in the optical path, from 
an absorbance vs. time curve. The data so obtained can be used to compare the K values with those in 
the literature or, if K is known, to calculate N,, under widely different experimental conditions. The ratio 
Ai/rR remains constant even if both Ai and ~a change with different heating rates and the final constant 
temperature of the cuvette surface, T,. 

Measurement of the absolute number of atoms 
present in a graphite cuvette at high temperature (as 
in electrothermal atomization atomic-absorption 
spectrometry, ETA-AAS), is in principle possible by 
measuring the instantaneous absorption through the 
simplified equation:1-3 

A(r) = 
0.43$%5e2g, exp( - E,/kT) 

mc’AvZ(T) 
rfH(a, o)W) 

(1) 
where A(r) is the instantaneous absorption signal, 
N(t) is the total number of atoms present in the 
cuvette at time t, divided by the cross-sectional area 
(cm2), e is the charge and m (g) the mass of an 
electron, c (cm/set) is the velocity of light, Av (cm-‘) 
is the Doppler line-width, g, and E, are the statistical 
weight and energy of the lower level of the analytical 
line, Z(T) is the partition function at temperature T, 
k is the Boltzmann constant, f and H(a, o) are the 
oscillator strength and the Voigt integral for a point 
of the absorption line contour distant from the line 
centre by w = 0.72a,* and y is a coefficient accounting 
for the hyperfme structure in the analytical line used. 

The atoms need not be distributed homogeneously 
over the cuvette length, but they must maintain a 
homogeneous distribution in the plane perpendicular 
to the light beam, because otherwise the A(r) mea- 
sured will not be linearly related to N(r).‘s4 The 
constant 

K = 0.43,/me2g, exp( - E, /kT) 

mc2AvZ( T) u-f& 0) (2) 

*To whom correspondence should be addressed. 

will be called the atomic absorptivity (cm2) by anal- 
ogy with molecular spectrometry. 

In many spectrometric techniques, such as mol- 
ecular absorption spectrometry, measurement of the 
proportionality factor K is easy because well defined 
cuvettes can be used with known concentrations of 
the analyte. In the case of atomic-absorption spec- 
trometry, however, this possibility is not experimen- 
tally attainable because the analyte must be in the 
form of free atoms in the vapour phase and it is well 
known that, owing to their reactivity (except for inert 
gases and a few other elements), this is possible only 
at high temperatures. This is the reason for the use of 
semi-enclosed systems in ETA-AAS. 

The ideal situation for a check of equation (1) with 
such semi-enclosed systems would be to atomize the 
analyte in such a way that all the atoms are simulta- 
neously present in the vapour state in the cuvette at 
a given time. As far as we know, all attempts to 
assemble a system with these characteristics have so 
far failed. 

N(r) can be calculated from models,* but the 
usefulness of such a method for an accurate measure 
of K, even when the experimental conditions are well 
controlled, is doubtful. Several methods are available 
for measurement of the atom density, from which K 
values can be derived. They are, however, rather 
difficult and time-consuming.6’2 An easier way of 
calculating K in ETA-AAS measurements is to use 
the quantity Ai, the area under the A(r) us. time 
curve. In fact, N(t) can be expressed as:3J 

N(r) = i 
s 

’ s(r’)R(r - r’) dr’ 
E 0 

(3) 

where S(r’), the source function, is the number of 
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atoms atomized per unit time, R(t) is the removal 
function (describing loss from the cuvette), and 8, is 
the cross-sectional area of the cuvette. 

The integrated form of equation (3) is 

(4) 

where No is the total number of analyte atoms initially 
present in the graphite cuvette and ta is the equivalent 
time constant of the removal function or the average 
time spent by an atom in the cuvette. 

The usefulness of equation (4) derives from the 
replacement of the functions s(t) and R(t), which are 
difficult to calculate, by two constant quantities N0 
and rR. By substituting A(t)/K for N(f) [equation 
(l)], we can write: 

m 
KNOTR 

A(t)dt=Ai=T (5) 
Jo 3, 

The validity of equation (5) rests on the assumption 
that all the atoms introduced are atomized. In equa- 
tion (S), Ai, S, and No are easily obtained: Ai from the 
A(t) vs. time curve, 5, from the geometry of the 
cuvette and No from the volume of solution injected 
into the cuvette. K embodies quantities which, at least 
for some lines of certain elements, are available,r3 
while rk can be derived from the diffusion coefficient 
and the geometry of the cuvette, when diffusion is the 
only removal mechanism.‘~2~13~‘4 

In a recent paperr we reported measurements from 
A(t) us. time curves, of both A, and za: ~~ was 
measured from the final part of the curve, since only 
there is its measurement meaningful. From one curve 
it is thus possible to obtain the quantity KN,, from 
which No can be calculated if K is known. 

The possibility of using Ai instead of AiSJT, for 
shyness analysis, with the same experimental 
set-up as used here, has already been examinedi and 
the results found were quite interesting even though 
the precision relies on the repr~u~bility of the 
experimental conditions. Recently,‘“r9 the validity of 
the method has been coniirrned by a comparison of 
theoretical values with experimental results obtained 
both with the Perkin-Elmer STPF’s and a homemade 
atomization system with better control of tempera- 
ture over the whole length of the graphite tube.19 In 
the latter case the theoretical calculation of ta , based 
on diffusion only, should more closely approach the 
real value. With a measurement of ra from each 
curve, reproducibility in the experimental conditions, 
or validity of the model for the calculation of rk, 
should no longer be strictly necessary. Therefore 
standardless analysis by the proposed method should 
be more reliable and it should be possible to extend 
it to any atomization system. 

The quantity KN, can also be used to obtain the 
value of K which, as far as we know, has never been 
experimentally measured. In this paper we present the 
experimental results, obtained with a Perkin-Elmer 

Fig. 1. Subdivision of the data for the area and ~a 
calculation. 

stabilized-temperature platform furnace (STPF) sys- 
tem, to establish the conditions under which reliable 
values of KNo can be obtained. 

EXPERIMENTAL 

The measurements were organized around the HGA-500 
(Perkin-Elmer) connected to a personal computer (Lemon 
Mod. 401). The personal computer returns the acquisition 
signal from the HGA-500 to the Perkin-Elmer 1100 spec- 
trometer, which acquires and stores the data. At the end the 
data are transferred to the personal computer for the 
calculation of the parameters of interest. Such data are the 
absorbance values, one every 9 msec, starting from the 
beginning of the acquisition signal to the end of the 
acquisition time programmed on the spectrometer.r5 

Access to the spectrometer from the personal computer 
was made possible through the collaboration of 
Perkin-Elmer. The data acquisition gives curves with very 
small distortion, thus ensuring good m~~rnent of zR_ 

The tubes, with platform incorporated, were 
Perkin-Elmer Part No. 112660. 

All m~su~ments were performed, except when otherwise 
specified, in the gas-stop mode and the inner gas was always 
argon. The heating rates were the highest available with the 
HGA-500, Le., with m~mum power and 1 and 2 see 
settings. At maximum power the heating rate is constant, 
but with the 1 and 2 set settings the heating rates increase 
with T,, and therefore the heating rates tend toward the 
maximum power level as T, increases. Tf is the final constant 
temperature of the graphite cuvette external surface, as 
given by the HGA-500. The solutions were prepared daily 
with demineralized water from 1000 mg/l. reference solu- 
tions (BDH) and diluted with 2 g/l. nitric acid (Suprapur, 
Merck). The volume of solution injected was always the 
same (10 p 1) and was dispensed by the Perkin-Elmer AS-40 
autosampler. The area Ai was calculated by dividing the 
A(t) vs. time curve into two parts, after subtraction of the 
baseline, as shown in Fig. 1. The area of part I was 
calculated in the usual manner, that is, as ZA (t)Af, where 
A.1 is the sampling time. The area of part II was calculated 
from the slope K of the log A (I) us. 1 plot, which was lincar,t5 
according to the equation: 

s 

tm 
Ai = A(t) dt = A&,)/K (6) 

em4 

where lsy. is the time at which the absorbance is 50% of the 
maximum. The choice of A(&,) derives from the necessity 
for complete sample atomixation.‘5 The instrument settings 
were those recommended by the manufacturerM 

RESULTS AND DISCUSSION 

The validity of equation (5) was tested with four 
metals of different volatility (Table 1) in order to have 
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Table 1. Atomic-absorption spectrometer operating conditions and melting points for 
elements studied 

Melting point, Charring temperature, Wavelength, Bandpass, 
Element “C “C nm nm 

145 

Cd 320.9 250 228.8 0.7 
Pb 321.3 450 283.3 0.1 
A8 960.8 328.1 
Mn 1244.0 279.5 

widely different experimental conditions. Figures 2 
and 3 show both Ai and Ai /zR vs. Tf curves for all four 
elements studied. It can be seen that while Ai de- 
creases regularly,15 especially for heating rates 1 and 
2, Ai/z, increases with Tf and and heating rate and in 
some cases reaches a constant value at high tempera- 
tures. The increase can be explained by an incomplete 
atomization and/or by the presence of a non-zero 
source function in the time interval in which rk is 
measured at low values of Tf.‘**’ 

No great difference is observed between heating 
rates 1 and 2, indicating that the real heating rate is 
a more complex function of the graphite cuvette wall 
temperature than simple models would predict.’ The 
generalizations made above are not valid for the first 
part of the A& curves obtained with Pb and Cd at 
the highest heating rate. At low T,, the experimental 
conditions are not suitable for measuring KN, be- 
cause there is always an influence due to the source 

(al 

6 
i 2 l 2 

r0.7-o l 0 0 

\c 
0 a t 1 

- 0.5- 0 

u 0.3- 

0.1 - 
I 1 I 
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even after A(t,,) has been reached. The origin of the 
differences in results at low T, between the more 
volatile elements (Cd, Pb) and Ag and Mn has not 
been investigated. Anomalous results are also ob- 
tained for the Cd curve at high T, since, even if 
constant values are reached at above 1600”, they are 
systematically about 13% lower than the correspond- 
ing values at the lower heating rates. No particular 
significance can be attached to the continuous rise of 
the curve at low heating rates, since the heating rate 
is changing with T,. 

From these data we can conclude that to reach 
constant values of AiltR, T, and the heating rate must 
both be high and must be increased for elements 
having high atomization temperatures. 

The connections of these experimental conditions 
with the assumptions invoked in deriving equation 
(5), i.e., complete atomization of the sample in a very 
brief time, is obvious. In the best case examined (pb) 

(0) 

I 

1000 ,200o 

T,(Y) 

I , 

1000 2doo 
1 

T, (VI 
Fig. 2. Ai and Ai/ra US. Fr; (a) Cd; (b) Pb. Heating rates, 0 
maximum power (RO); 0 1 set (Rl); A 2 set (R2). Units: 

absorbance. see for Ai; absorbance for Ai/rs. 

Fig. 3. Ai and Ai/ra US. T,; (a) Ag; (b) Mn. Heating rates, 
0 maximum power (RO); 9 1 set (Rl); A 2 set (RZ). Units 

as for Fig. 2. 
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the standard deviation of Ai/rR, for all values in the 
2~2~0’ interval at all heating rates, is 4.4%. This 
is a good indication that ~a is a real measure of the 
average time spent by the atoms in the cuvette. Many 
investigators assume that with the platform system 
the anaIyte is atomized at constant Tf and that 
diffusion is the only removal mechanism. If this is 
true, however, we should measure the same ‘ca at 
different heating rates, since it is supposed that the 
final constant temperature is ah-eady reached when 
the analyte is atomized. Since we found different 
values of TV at different heating rates, we conclude 
that in our experiments the removal mechanism 
involves not only diffusion, but also convection. In 
fact in the STPF, the l’, measured refers only to a 
small central region of the cuvette, and the extremities 
carrying the electrical contacts will never reach Tf. 

The temperature rise of these parts will heat the gas 
surrounding them, thus creating a flow through the 
central hole used for delivery of the sample. The hot 
gas, becoming less dense, will escape through the 
same hole, thus creating a flow from the cuvette 
extremities which should be roughly proportional to 
the heating rate, even in the gas-stop mode. As a 
consequence, the analyte atoms are always swept 
away by convection at a temperature which is difficult 
to know but which is certainly lower than that 
measured at the cuvette external walls. If this is true, 
a measure of the flow-rate of the gases, escaping from 
the injection port during the atomization step, should 
be a more direct measure of zR. The reduced temper- 
ature of the analyte atoms could at least partially 
explain why in our experiments K appears reasonably 
constant irrespective of Tf. 

The convection removal hypothesis was confirmed 
by measurements made with gas flow during the 
atomization step. In this way only the contribution of 
the conv~tion mechanism should be changed, in- 
creasing by an indeterminate amount, since gas vol- 
ume increaes with temperature. As expected (Table 
2), AJz, is practically constant, showing only a small 
linear decrease with gas flow-rate. No particular 
significance can be attached to this decrease, since the 
standard deviation of A& is of the same magnitude 
(see above). 

Choice of the part of the A(t) vs. time curve for the 
measurement of TR 

As stated elsewhere,3*‘5 rR can be measured from 
A(t) vs. time curves only for times at which the source 
function is practically zero. This condition is more 
closely fulfilled as we increase the heating rate, in 
order to reduce the atomization time interval, and use 
A(t) values distant from the maximum. The heating 
rate is limited by the maximum power available, and 
over longer periods the signal will be more and more 
affected by fluctuations in baseline and noise. The 
baseline is defined” by averaging the first 15 points 
read after the atomization start signal. The best 
interval for the measurement of zR has been chosen 

Table 2. Inhnce of @IS flow on Ai/?, 

Gas flow, %I Ai* 
ml/mirr see Absorbance. see 4 ITR 

0 0.150 0.170 1.133 
10 0.115 0.129 1.122 
30 0.077 0.085 1.104 

Pb concentration, 80 n&ml; T,, 2200”; heating rate, maxi- 
mum power (RO). 

by looking at the linearity of the log A(t) vs. time 
curves from groups of 5 curves for Pb, obtained at 
different Tf and heating rates, over the range 
2000-2600”, where Ai/f, is constant. The final choice 
was to use intervals from tso~~ to tas. The correlation 
coefficient of the straight line portion in this interval 
was always above 0.999 and the standard deviation of 
the slope less than 3%. Similar results were obtained 
for the other elements. 

Stanciardless analysis and meawrement of K 

Ai/r, multiplied by S,, the cuvette internal cross- 
sectional area, gives the quantity KNO from which No 
or K can be separately calculated if one of the two is 
known. If N,, is calculated the procedure can lead to 
a standardless analysis. In the previous section we 
have seen that, at least for certain elements, there are 
experimental conditions in which a reasonable con- 
stancy of KN, is obtained, provided that N, is con- 
stant. It is already known that Ai is linear with N, 
only in a limited range and therefore it is only in this 
range that zR remains constant in order to maintain 
the linearity. 

Figure 3 shows the experimental values of tR and 
K as a function of N,,. It must be noted that at low 
values of N, , zR is influenced by the baseline and that 
absorbance errors of f0.003, which is of the order of 
the precision of the spectrometer used, may result in 
errors of 20-30% at the lowest N,, values given in 
Fig. 4. 

The plot of K OS. NO reveals these errors much more 
clearly than do the usual calibration curves.z1 The 
results are quite good, but it must be stressed that 
here we are dealing with synthetic samples with 
practically no matrix present. With a simple matrix 
and a known value of N,,, the atomic absorptivity X 
can be obtained for the wavelength of the line used, 
which has never previously been measured, except for 
relative values.22 

A comparison of K values thus measured and 
calculated from available data at a given tempera- 
ture13*‘4 is shown in Table 3. In view of the sim- 
plification introduced in deriving equation (5) and of 
the difficulties in tneaSuring WUe TR VdUCS from A(t) 
us. time curves, the agreement seems reasonably 
good. The accuracy of these data is impossible to 
assess. In one case (Cd) two experimental values are 
obtained, one at the highest heating rate and one at 
rates 1 and 2, with a systematic error of around 13%. 
For Mn no constant value has been reached, so the 
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5 15 25 

No x lo-” 
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Y 
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No x 10-l’ 

Fig. 4. ~a and K vs. IV,. (a) Cd; (b) Pb. Heating rates: Q 
maximum power (RO); l 1 set (Rl); A 2 set (R2). 

experimental value given is certainly low. We hope 
that with better material and/or other atomization 
systems these uncertainties can be reduced. A system- 

atic error is certainly present in all values of K since 
the light-source is not strictly monochromatic. Mea- 
surements made for Pb with the lamp current reduced 
to one fourth of the recommended value gives an 
increase in K of around 10%. At this stage of our 
investigation an increase in sensitivity of this order 
was not considered as important, when compared 
with the reduced precision of the measurements, and 
therefore all dam reported in this paper are obtained 
with the lamp operated at the recommended values. 

With an experimental value of K it is possible to 
calculate, through equation (2), the number of atoms 
present at any moment during an atomization. of 
particular importance is the number of atoms present 
at the maximum of the curve [N(t),] because this 
gives a measure of how far we are from the best 
results obtainable, i.e., when all the atoms deposited 
in the cuvette (No) are simultaneously present in the 
vapour phase in the cuvette. Table 4 shows the 
highest values of N(t),,/N,, obtained under different 
experimental conditions for the elements studied. 
These values are broadly in agreement with those 
calculated previously by van den Broek and 
de Galan, but are lower than those calculated by 
Wu et aL5 

CONCLUSIONS 

Experimental conditions, with the STPF atomiza- 
tion system, can be found for the calculation of the 
product KN, from a single A(t) us. time curve if high 
enough heating rates and Tf values are available. 
These conditions apply for elements of low and 

Table 3. Comparison between measured and calculated atomic absorptiv- 
ity, K 

10” x K meal. 1 10” x K cde. , 
Element cm2 cm2 KmWs. /Kc&. 

Pb 1.24 f 0.03 1.11 1.12 
Cd 6.69 f 0.58 (RO)* 17.50 0.382 

8.67 & 0.35 (Rl-R2)* 0.495 
Ag 5.51 f 0.04 6.74 0.817 
Mn 1.68 f 0.05 3.99 0.421 

l RO, maximum power; Rl and R2, heating rates at 1 and 2 set settings 
respectively. 

Table 4. N(r),/N, values at different heating rates 

Heating 
Element rate T,, “C 10” x N(r),, W),I& 

Cd RO 1000 1.240 0.580 
Rl 2200 0.895 0.417 
R2 2200 0.869 0.405 

Pb RO 1400 12.9 0.556 
Rl 2600 11.8 0.509 
R2 2800 11.4 0.491 

Ag RO 1300 1.92 0.343 
Rl 2800 1.88 0.338 
R2 2800 1.87 0.334 

Mn RO 2200 4.25 0.386 
Rl 2900 0.319 
R2 2900 

::: 
0.299 

Cd 0.04 ng; Pb 0.8 Ag ng; 0.1 ng; Mn 0.1 ng. 
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medium volatility. For such elements it is possible to 
obtain the atomic absorptivity or the total number of 
atoms introduced into the cuvette provided that the 
atomization is complete (standardless analysis). The 
atomic absorbances measured agree reasonably well 
with theoretically calculated values. 

Regarding the K values attained, a better compari- 
son could be made with literature data if the temper- 
ature of the vapours inside the cuvette could be 
measured instead of Tr. We did not have the instru- 
mentation to make such measurements, even though 
at present such measurement can be made.23 The 
possibility of standardless analysis must await a 
thorough test with real matrices and different atom- 
ization systems. 
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Summary-Several methods have been used for preparation of nickel and zinc ferrocyanides: precipitation, 
growth in a gel and a new method based on growth on a solid alkali-metal ferroeyanide. The granulometry, 
morphology, composition and structure of the compounds were studied. Only the last method of 
preparation gives products suitable for use as ion fixators in columns on a large scale. The nickel 
ferrocyanide compositions can he written as MLNi,_.Fe(CN),. yH,O with Mt = Na, K, Cs, H and 
0 < x < 0.8. They have a cubic lattice with a partial occupancy of iron sites. For zinc ferrocyanides, 
rhombohedral M~Zn,[Fe(CN),], . xH,O, trigonal Zn,Fe(Cn), .2H,O and other cubic compounds were 
found. Products resulting from the fixation of caesium by ion-exchange were also studied. 

Insoluble ferrocyanides can sorb several elements 
from aqueous solutions. The removal of caesium 
from liquid radioactive waste is particularly 
efficient.‘.’ This element is also retained when it is in 
gaseous forrn3 Exchange capacities depend strongly 
on the composition of the ferrocyanide4 as well as on 
the conditions of preparation and may differ from 
batch to batch. Very often the maximum uptake, 
corresponding to the stoichiometric formula, is not 
reached. The ion-exchange mechanism seems rather 
complicated and is not yet clear.5 Nickel ferrocyanide 
also has very good retention properties for other 
elements6 and has been used for the collection of 
traces in the multielement analysis of chromium’ and 
silver.* Ferrocyanides also offer a very favourable 
procedure for recovering silver from dilute solutions.’ 

Nickel and zinc ferrocyanides were selected as 
models for the study of the retention mechanisms 
of caesium and silver.‘O Before undertaking such a 
study, we needed to relate their chemical compo- 
sitions and structures to the preparation methods. 
The synthesis of ferrocyanides of definite compo- 
sitions and structures was essential for the study of 
the retention mechanisms. 

A systematic review of the literature” revealed 
certain general features. Zinc and nickel ferro- 
cyanides have different sorts of composition and 
structure. Zinc ferrocyanides seem to belong to 

*Author for correspondence. 

at least two families, having definite formulae: 
ZnrFe(CN), .2H,O and M:Zn,[Fe(CN),]r .xH,O 
(M’ = Na, K or Cs). The methods leading to these 
compounds are well defined.4*12 In contrast, nickel 
ferrocyanides seem not to have definite formulae. 
Most early X-ray studies found the crystallites to 
have an f.c.c. structure, and the ferrocyanides of 
bivalent metals such as Cu, Ni, Co Zn seemed to be 
isostructural compounds which were unchanged in 
structure if alkali-metal ions were incorporated in 
them.” More recently, some zinc ferrocyanides have 
been found not to be cubic.‘3-*5 

Much of this information is puzzling. Some of the 
questions we aimed to answer in this study are as 
follows. Do some ferrocyanides depart from a stoi- 
chiometric formula? What are the domains of alkali- 
metal ion content in nickel ferrocyanides? We tried to 
test various preparation methods and to characterize 
the products obtained. We have prepared a great 
variety of products and give here the results concem- 
ing their composition, granulometry, yield of prep- 
aration for various particle sizes, and structures. 

The selection of a particular ion-exchanger is gov- 
erned not only by its capacity and selectivity for the 
species to be removed from particular solutions. 
Availability in reproducible form, handling charac- 
teristics and suitability for elution operations must 
also be considered. Until now, the applications of 
ferrocyanides were limited because the particle size 
obtained by classical precipitation methods was too 
small to allow their use in columns. One of the aims 
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of this study was to find a preparation process which 
controls the grain size and produces ferrocyanides 

suitable for column use. 

a concentrated solution of a nickel or zinc salt. Under 
defined conditions of concentration and temperature, a tilm 
of insoluble ferrocyanide appears on the solid. Its thickness 
increases until the starting solid is completely consumed. 
The detailed procedure will be published elsewhere. 

EXPERIMENTAL 

Reagents Analysis 

All chemicals used were reagent grade obtained from 
Prolabo (France) except for Dowex 50 x 12 resin from 
Fluka (Switzerland). 

Synthesis 

We followed either already published methods,” or 
methods derived from the literature, or new procedures. The 
methods are summarized in Table 1 and 2. Details can be 
found in the references. If not otherwise stated, the precip- 
itates were allowed to stand for 48 hr, filtered off, washed 
with water and alcohol, and dried in air at temperatures 
below 60”. 

The products were analysed at the “Service Central 
d’Analyse” of the CNRS, in Vemaison (France). The 
products were dissolved with a mixture of hydrochloric, 
nitric, sulphuric and perchloric acids. The elements were 
then determined in the solution by inductively coupled 
plasma atomic-emission spectrometry (ICP/AES), flame- 
emission spectrometry (alkali-metal ions) or atomic- 
absorption spectrometry. 

By use of the irradiation facilities of the Pierre Siie 
Laboratory, we were able to apply non-destructive neutron- 
activation analysis for the determination of Na, K, Cs, Ni, 
Zn and Fe. 

Nickel ferrocyanidex The preparation conditions are 
given in Table 1. The light-green slurries become dark green 
after drying. 

Zinc ferrocyanides. The preparation conditions are given 
in Table 2. All freshly prepared precipitates are white in 
neutral medium. Simple zinc ferrocyanides turn blue after 
drying. In acidic medium, if the precipitates are heated 
under reflux, the green slurries become dark blue. If the 
temperature of drying exceeds 50”, the white powders of 
alkali-metal zinc ferrocyanides become straw-yellow. 

The NH: concentration was determined by the Kjeldahl 
method: the ferrocyanide was dissolved in a cyanide solution 
(pH 8-9) and ammonia evolved by heating with 10M 
sodium hydroxide. 

Some mixed zinc ferrocyanides were analysed after 
dissolution of the product in O.OlM sodium hydroxide. Zinc 
was determined by the EDTA method and Fe(CN):- by 
cerimetry23 

Growth on a solid alkali-metal ferrocyanide. We have 
developed this method in order to control the particle 
size.“‘*** Solid alkali-metal ferrocyanide crystals are placed in 

After complete exchange with silver, the release of alkali- 
metal, zinc or nickel ions was measured by atomic- 
absorption spectrometry. lo The ammonium content was 
determined by the formaldehyde methodF3 The total water 
content was determined by thermogravimetry with an 

Table 1. Conditions and yields for classical precipitation preparations of some nickel ferrocyanides 

Reagent Yield,* 
Method Reagents ratio PH Experimental procedure Reference % 

a A = O.OlM NBO, Ni/Fe<4 2 A poured into B 10 59” 
B = O.OlM H,Fe(CN), 

b A = O.lM NiSO, Ni/Fe 64 7 A poured into B 10 69” 
B = 0. 1M Na, Fe(CN), 

C A = 0.1 M NBO, Ni/Fe 2 1 7 B poured into A 10 82-92b 
B = 0. 1M Na., Fe(CN), 

d A = O.lM NiCl, 2 B poured through 50 x 12 10 55-76’ 
B = 0.05M Na,Fe(CN), Dowex resin simultaneously 53d 
C = O.OlM HCl + 0.5M Ni/Fe = 2 with A into C 7685’ 

NaCl, KCl, CsCl or NH,Cl 71-81’ 
e A = O.lM Ni(NO,), Ni/Fe 2 1 10 B poured into A + C 10 868 

B = O.lM Na,Fe(CN), 10 37-44h 
C = 1M NH,OH or NaOH 12 < 5” 

f A = Nickel foil 1 A left for 2 months in B + C 10 
B = 0.02M Na,Fe(CN), 
C = O.lM HCl 

g A = lo-*-5 x lo-*M 7 A and B introduced into 16 
Ni salt solution Ni/Fe = 2 opposite limbs of a U-tube 

B = lo-*-5 x lo-*M filled with a gel over several 
Na, Fe(CN), or Na, Fe(CN), weeks 

h A = O.lM NiCl, 7 See method d; precipitate 17,18 771 
B = O.lM Na,Fe(CN), Ni/Fe = 2 vacuum-dried at - 50°C 
C = O.OlM HCl 

*For particle size > 15 pm. 
“Ni/Fe d 2. 
bNi/Fe 2 1.7. 
$ieHdcormp;rticle size r 25 pm N 25%; no alkali-metal salt in C. 

‘Nadl in C. ’ 
‘KC1 in C. 
‘NH,OH in C. 
STH,OH in C; Ni/Fe 2 4; yield for particle size >25 pm -20%. 
‘NaOH in C; Ni/Fe 3 4; 100% yield for particle size between 5 and 15 pm. 
‘Yield for particle size >2.5 pm -69%; yield for particle size > 100 pm -36%. 



Nickel and zinc ferrocyanides 751 

ADAMEL-TH59 instrument at a constant heating rate of 
100 K/hr under argon flow or vacuum. 

X-Ray powder dtjiraction patterns 

The X-ray powder diffraction patterns were obtained with 
a Philips diffractometer at room temperature, with Co, 
radiation (A = 1.79026 A). The 20 values were corrected for 
eccentricity and scan-speed. 

Infrared spectroscopy 

Measurements were made with a Perkin-Elmer 225 spec- 
trometer. A few mg of the product were crushed, mixed with 
Nujol and pressed between two caesium iodide windows. 
Spectra were recorded for 200-4000 cm-‘. 

Speci$c area and porosity 

Adsorption isotherms were determined with an apparatus 
modified by Rasneur. 24 The product (100 mg), after heating 
at 200” to free it from adsorbed gases, was exposed to 
nitrogen, and the gas pressure gradually increased. The 
quantity of gas adsorbed was measured as a function of the 
relative pressure (ratio of the equilibrium pressure to the 
saturating pressure of the gas). Calculations based on the 
Brunauer, Emmett and Teller (B.E.T.) model were achieved 
with the aid of a computer, in order to determine the 
macroscopic and microscopic porosities. 

Microscopy 

Optical and electron transmission microscopy as well as 
scanning electron microscopy were used to characterize the 
morphology of the precipitates. 

RESULTS AND DISCUSSION 

Yield of preparation 

Classical precipitation. We noticed that the 
filtration of the precipitate became more and more 
difficult, depending on the M’ ion present, in the 
order H+ < NH:, Na+ < K+ < Cs+. Products con- 
taining caesium and nickel, or caesium and zinc, 
could not be collected on a filter at all. Potassium zinc 
ferrocyanides always have very small particles; the 
particle size is slightly larger if the simultaneous 
addition of the reagents is very slow. 

The yields of the preparations are given in Tables 1 
and 2. The total yield refers to the fraction with a 
particle size larger than 15 pm. If not otherwise 
specified, 95% of this fraction has a particle size 
smaller than 25 pm. Zinc and nickel ferrocyanides 
without alkali-metal ions include an appreciable 
fraction of particles larger than 25 pm and suitable 
for column use. An example of the distribution of 
particle sizes is given in Fig. 1. 

Drying under vacuum at low temperature increases 
the mean size of the particles, but the yield for the 
fraction of particles larger than 100 pm remains less 
than 50%. 

Table 2. Conditions and yields for classical precipitation preparations of some zinc ferrocyanides 

Method Reagents 
Reagent Yield,* 

ratio PH Experimental procedure Reference % 

d 

e 

f 

j 

A = 0. IM Zn(NO,), 
B = O.lM Na,Fe(CN), 
A = 0. 1M Zn(NO), ), 
B = O.lM Li,Fe(CN), 
A=O.lMZnCl,, 

Zn(NO,), or ZnS04 
B = 0.1 M Na, Fe(CN), 

or 0.1 M K, Fe(CN), 
A = 0.1 M Zn(NO,), 
B = O.lM Na,Fe(CN), 
A=O.lMZnCl,, 

Zn(NO,), or ZnSO, 
B = 0.1 M K4 Fe(CN), 
A = 5 x IO-‘M ZnCl, 
B = 5 x 10m3M Na,Fe(CN), 

A = 0.1 M KC1 or CsCl 
B = Na,ZnJFe(CN),], 
A = Zn,Fe(CN),.2H,O 
B = 0.1 M KNO, or CsNO, 
A = Hr Znr [WW& 
B = 0.1 M KNO, or CsNO, 
A = Zn, Fe(CN), .2H,O 

or Na,ZnJFe(CN)Jr 
B = 2.5 x lo-‘M CsCl 
A = Zn,Fe(CN),.2H,O 
B = lo-rM CsCl 

ZniFe = 3 

Zn/Fe = 3 

Zn/Fe = 1.5 

Zn/Fe 2 1.5 

Zn/Fe = 4 

K/Fe = 10 or 
Cs/Fe = 10 
K/Fe = 10 or 
Cs/Fe = 10 

Zn/Fe = 2.5 7 A shaken in B for 70 hr 10 91” 

A and B poured simultaneously 

A and B poured simultaneously 

A and B poured simultaneously 10 

B poured into A through 
50 x 12 Dowex resin 

A and B poured simultaneously 

A and B introduced into 
opposite limbs of a U-tube filled 
with a gel over several weeks 
Single crystal of B 
exchanged by A 
A prepared by method a 
B added to A 
A prepared by method d 
B added to A 

A shaken in B, filtered, 
reintroduced into a new 
nortion of B (10 times) 

4 10, 
12 
16 

IO,19 

10,20 

13, 14. 
21 

15 

10 

10 

16 

87” 

52 f 21b 
< 5’ 

87d 
22’ 

72 

50/ 
> l@ 

73 

*For particle size > 15 pm. 
“Yield for particle size > 100 pm -33%. 
bWith sodium salt, 
‘With potassium salt; yield for particle size > 5 pm -46%. 
dYield for particle size > 100 Frn -28%. 
‘Heated for 2 hr under reflux during preparation. 
‘With potassium salt. 
aWith caesium salt; caesium chloride probably adsorbed on the product. 
hWith Na,Zn,[Fe(CN),], . 
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Fig. 1. Distribution of particle sizes for Zn,Fe(CN), (con- 
tinuous lines) and Na,Zn,[Fe(CN),], (dashed lines). 

If the initial Ni/Fe ratio departs too much from 2, 
the ferrocyanide forms colloidal particles. Under our 
conditions, only the products obtained with Ni/Fe 
ratios between 1 and 4 could be filtered off. The best 
yields were obtained for an Ni/Fe ratio close to 1.7. 
These results can be compared with those obtained by 
Des Ligneris,*’ with potassium ferrocyanide and 
nickel sulphate. Nevertheless, with sodium ferro- 
cyanide, it was possible to precipitate and filter off a 
nickel ferrocyanide from alkaline medium even at 
pH 13, but the particle size was very small. 

Growth on alkali-metal ferrocyanide. The particle 
size is related to the granulometry of the starting 
alkali-metal ferrocyanide. For starting particles 
larger than 100 pm, 90-100% of the particles of the 
product were in this size range. 

Morphology 

Photographs obtained by electron microscopy 
(Fig. 2) show that the products obtained by classical 
precipitation are composed of particles with diam- 
eters of about 0.06 pm for nickel ferrocyanide and 
about 0.2 pm for zinc ferrocyanides. Simple zinc 
ferrocyanide presents hexagonal habits, mixed zinc 
ferrocyanides have rhombohedral ones. The powder, 

Fig. 2. Electron micrograph of Na,Zn,[Fe(CN),],. 
Magnification, 3 x 10’. 

when examined by optical microscopy (Fig. 3), is seen 
to be composed of aggregates of crystals. 

The adsorption and desorption isotherms obtained 
for zinc, zinc-sodium and nickel-sodium ferro- 
cyanides are similar to those of molecular sieve 4A. 
From the isotherms, it was possible to deduce the 
specific area, the pore volume and the mean pore 
diameter (Table 3). These parameters were also calcu- 
lated from geometrical considerations of the electron 
microscopy data. The two methods are in good 
agreement for the specific area of nickel and simple 
zinc ferrocyanides. For zinc-alkali-metal ferro- 
cyanides the larger values obtained by the B.E.T. 
method can be attributed to the zeolite structure. 

Crystallites of nickel ferrocyanides and ferro- 
cyanides up to 10 pm in size were obtained by growth 
in a gel (Table 1, g). 

Particles prepared by growth on an alkali-metal 
ferrocyanide (method 3) consist of hollow spheres 
(Fig. 4). The inner diameter of these spheres is 
close to the diameter of the starting alkali-metal 

Fig. 3. Mixed sodium-nickel ferrocyanide prepared by precipitation (method 1 h). Magnification, 17. 
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Table 3. M easurement of specific area and pore volume by the B.E.T. method 
(values deduced from the electron microscopy observations are given in brackets) 

Product 
Specific area, Pore volume, Mean Pore diameter, 

rn%z mm’lg ?nm 

Na,Ni,_,Fe(CN), 
Zn, Fe(W), .2H,O 
Na, Zn, [Fe(CNMz 

45-75 (50) 255426 (175) 8.5 (5) 
28-39 (30) 331933 (175) 20 (25) 

30 (15) 522 (175) 50(15) 

ferrocydnide &tic@.. Scanning electron microscopy 
shows crystallites some pm in diameter on a matrix 
with no discernible grains. ; 

Composition 

The ferrocyanide compositions are given in 
Tables 4 and 5. The tabulated coefficients of the 
chemical formulae are mean values. The water con- 
tent was deduced either from thermogravimetry 
or by difference. These two values are sometimes 
significantly different, because of the zeolitic charac- 
ter of some of the products. 

Nickelferrocyanides. In most cases we found mixed 
ferrocyanides containing nickel and alkali-metal ions. 
To achieve charge-balance it is necessary to postulate 
either that protons must be present, or that oxidation 
occurs during the preparation. Nickel ferrocyanides, 
if prepared from alkali-metal ferrocyanides, have 

just one infrared absorption band at cu. 2100 cm-‘, 
characteristic of ferrocyanide.26 

If the product is oxidized by boiling with nitric 
acid, or if nickel ferrocyanide, is prepared by precipi- 
tation from sodium ferricyanide a band is observed at 
cu. 2170 cm-‘, which may be due to ferricyanide.26-29 
Therefore we assumed that the nickel products were 
indeed ferrocyanides. This assumption is in good 
agreement with the results of ion-exchange with 
silver.M 

We have always obtained mixed nickel ferro- 
cyanides having a large variety of compositions. If we 
perform the preparation from sodium or potassium 
ferrocyanide, the final product includes sodium or 
potassium in its composition. If we use ferrocyanic 
acid, the lower nickel content may be explained as 
due to a certain number of hydrogen ions entering the 
complex. Examples of the various compositions 

Fig. 4. Mixed sodium-nickel ferrocyanide prepared by growth on solid sodium ferrocyanide (method 3). 
Magnification, 17. 

Table 4. Composition of some nickel ferrocyanides m’ = alkali-metal ion) by 
classical precipitation 

Atomic concentration per Fe atom Preparation 
Alkali-metal ion method 

M’ M’ Ni H+ H,O (see Table 1) 

(K+) 0.03 - 1.81 1.63 0.74 0.35 4.70 5.70 

u&) 
Na: 

<0.03 1.41 1.99 1.08 0.43 - 9.30 1.36 : 
1.06 1.26 0.42 2.74 d 

K? 1.36 1.07 0.50 1.82 d 
K+ 1.13 1.28 0.31 2.65 d 
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Table 5. Compositions of some zinc ferrocyanides (MI: alkali-metal ion) 

Atomic concentration per Fe atom Preparation 
Alkali-metal ion method 

M’ M’ Zn H+ H,O (see Table 2) 

c:)) < < 0.02 0.01 2.02 1.99 - - 5.5 >2 (2.0’) : 
Na+ 0.89 1.55 - 4.9 C 

Na+ 1.00 1.50 - X4 f 
- - 1.60 X4 5.4 d 
- - 1.29 x4 3.7 d2 

:: 0.78 0.34 1.41 1.75 - X’ 4.1 2.8 : 
cs+ 1.61 1.07 2.8 
Csf 1.37 1.30 2.0 ff 
cs+ 1.30 1.35 - X’ i-’ 
cs+ 1.65 1.14 ‘3 - 1.95 

J 
CS+ 0.856 1.55 - X4 is 
cs+ 1.00 1.50 - X4 i7 

‘After drying for 3 hr at 120” under vacuum. 
*With boiling. 
‘Exchanged Zn, Fe(CN), . 
%esent but not determined. 
5Exchanged Na,Zn, [Fe(CN),], . 
‘jNa remaining in the product: 0.04. 
‘Exchanged Na,Zn,[Fe(CN),], single crystals. 

Table 6. Compositions of various nickel ferrocyanides 
(atoms per iron atom) A: O.OlM NiSO,; B: O.OlM 

Na,Fe(CN),; C: O.OlM H,Fe(CN),; D: 0.5M NaCl 

Ni/Fe’ Experimental procedure Ni Na 

1 From Ni(OH), 1.15 0.89* 
1 A poured into B 1.51 0.98 
1 B Poured into A 1.65 0.70 
1.7 B poured into A 1.30 0.604 
2 A poured into B 1.77 0.46 
2 B poured into A 1.80 0.40 
2 Lyophilization 1.91 0.18 
4 A poured into B 1.87 0.26 
4 B poured into A 1.83 0.34 
2 C Poured into A + D3 1.26 l.064 
5 From solid Na,Fe(CN), 1.12-1.56 0.88-1.74 

‘Atomic ratio during the preparation. 
*Product also included 0.95 NH,+. 
)Atomic ratio: Na/Fe = 10. 
‘Product also included H+ ions. 

which were obtained for mixed nickel-sodium ferro- 
cyanides are given in Table 6. We observed a vari- 
ation of the sodium content from 0.18 to 1.74 atom 
per iron atom. Nevertheless, the alkali-metal ion 
contents are inside the limits given by Doleial and 
Kouiim.31 

A nickel ferrocyanide free from alkali-metal ions 
can be prepared by using Li,Fe(CN), . It seems 
that Li+ ions cannot enter the structure of nickel 
ferrocyanides. Other methods lead to mixed ferro- 
cyanides containing various amounts of alkali-metal 
ions. 

The water contents obtained by thermogravimetric 
analysis are given in Table 7. The various ferro- 
cyanides lose water up to 280”. No decomposition 
was observed up to 350”. The dehydration curves can 
be divided into two stages. In some cases the 
difference between the two parts of the curve is 
indicated only by an inIIexion point. 

Zinc ferrocyunides. The compositions of our prod- 
ucts are shown in Tables 5 and 8. The results of the 
iron content obtained by activation analysis or ICP 
are in good agreement. The lowest results were found 
when the reaction mixtures were heated to boiling in 
the course of the preparation. In this case, we noticed 
a pronounced, blue colour. These two facts suggest a 
decomposition followed by partial oxidation of ferro- 
cyanide to ferricyanide. The results of the zinc and 
alkali-metal ion content were in good agreement, 
whatever the method of analysis. The accepted 

Table 7. Dehydration stages and water loss for some nickel ferrocyanides (the reference 
is the weight of the products kept in a desiccator at room temperature) 

Water loss in mole 

Alkali-metal Temperature range, “C per Fe atom 

ion Atmosphere Stage 1 Stage 2 Stage 1 Stage 2 

- Vacuum 5&100 200-270 11.8 1.65 
Na+ Vacuum 20-80 230-280 3.00 1.76 
K+ Vacuum 60-100 loo-250 4.72 1.48 
- Ar 20-80 100-200 2.67 3.09 
NH: Ar 45-100 100-170 0.57 0.83 
Na+ Ar 50-140 140-200 1.09 1.78 
,“I Ar Ar 40-100 55-100 100-200 130-200 0.85 1.17 1.56 1.04 
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Table 8. Compositions of some potassium zinc ferro- 
cyanides (method e, Table 2) 

Atomic concentration per Fe atom 

Zinc salt K Zn H,O Salt’ 

ZnSO, 0.80 1.60 4.0 0.15 
ZnCl, 0.78 1.67 3.9 0.16 
Zn(NO, )* 0.89 1.57 2.9 - 
ZnCl: 1.0) 1.49 X4 0.01 

‘Molar concentration of zinc salt included in the final 
product per iron atom, deduced from the anion content. 

*Preparation by crystal growth in a gel. 
‘Na/Fe -0.17. 
‘Present but not determined. 

compositions are based on the means of the various 
results. 

The main infrared absorption bands are given in 
Table 9 for some zinc ferrocyanides. All spectra show 
sharp absorption bands in the 2050-2180 cm-’ 

region. There is only one absorption band at cu. 

2100 cm-’ for zinc ferrocyanides prepared from alkali- 
metal ferrocyanide, but two (2200-2170 cm-‘) in 
products obtained from ferrocyanic acid. This may be 
representative of Fe(II1) in the last case.26-2* These 
products and some potassium zinc fmocyanides also 
show a band near 1732 cm-’ which may be attributed 
to HrO+. This band has previously been reported for 
acid-zinc ferrocyanide.29 

The results of the thermogravimetric analyses are 
given in Table 10. For Zn, Fe(CNF6, we observed two 
structural water molecules per iron atom, in agree- 
ment with the results of Siebert et a1.‘2 The dis- 
crepancy between the values for the water content 
found in mixed zinc ferrocyanides is due to the 
zeolitic character of the products.33 The water content 
varies with the alkali-metal ion in the following order: 
Na+ > K+ > Cs+ . Some dehydration curves can be 
divided into two stages. This fact, together with the 

Table 9. Observed infrared absorption frequencies (cm-‘) for some zinc ferrocyanides 

M’ 
Preparation 
method’ 

- Na+ H+ H+ K+ Cs+ K+ Cs+ 

a b C C2 e e f f 

A 

B 

A 

B 

A 2108 

3589 
3530 

3595 
3531 

2108 

1604 

1604 

601 

515 

476 494 

3627 

3630 
3620 
3556 

3499 

2100 

1616 
1616 
1604 

603 

516 
494 

962 
834 

3609 3615 
3611 

3608 3613 

3338 

3411 
3236 

2178 2178 
2095 2099 

2178 
2099 

1739 

1743 
1739 
1151 

1605 

602 
280 

515 
495 
443 

221 

2177 
2099 

1749 
1744 

1732 
1154 

1607 

1606 

602 

495 
445 
361 

214 
189 

495 
443 

495 
445 

3603 
3530 

3599 
3533 

3607 

3428 

3438 

2100 2090 

2105 2092 

1605 1608 

1605 1605 

602 594 

516 
497 
476 
361 

454 
360 

985 
968 
829 
497 
476 

1163 
234 

985 
829 

454 

3628 3593 
3530 

3628 3603 

3373 
3480 
3418 
3267 
3244 
3206 

2160 
2101 

3452 
vO-H 

2187 
2100 

2154 
2093 
2053 
2155 

vC-N 

2093 
2053 

1736 

1767 
1712 

1610 

1607 

603 

1605 
1605 6H-O-H 

495 

964 
835 

495 

515 
497 
454 
361 

1156 3 
236 
985 
968 
829 
497 
454 

6 H-O-H 

@GO’) 

‘Letters refer to corresponding methods in Table 2. 
*With boiling. 
3Possible attributions: Fe-C stretching, Fe-C-N linear bending or C-N-M linear bending.27 
A Solid pressed between CaF, disks. 
B Nujol mulls. 
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Table 10. Thermoaravimetry of zinc ferrccyanidea, and temnerature ranae of the water loss 

Products Atmosphere 
Temperature range, Water loss in molecules 

“C per Fe atom 

Argon 150-300 
Air None 
Argon 70-270 
Air 40-160 160-220 
Argon 90-190 
Air 40-180 
Argon 70-140 
Air 6110 

2.04 

4.91 
4.60 
3.70 
3.70 
3.00 
2.70 

variety of infrared stretching bands observed for O-H 
in the 3600-3200 cm-’ region (Table 9) indicates that 
the water molecules present in mixed ferrocyanides 
are bound in more than one way. 

We were surprised to find sulphur or chlorine in 
our products. It appears that sulphate or chloride 
anions can be adsorbed, probably as zinc sulphate or 
chloride. The quantities of such adsorbed salts are 
reported in Table 8. The stoichiometry of ferro- 
cyanides was calculated after subtraction of these 
quantities. Extraneous lines observed in the infrared 
spectra near 1300 cm-’ may be due to some of 
these salts. Some other bands observed in the 
800-1000 cm-’ region could not be attributed. 
These were reported before by Renaud3* for similar 
products. 

The possibility of anion sorption has been 
established for nickel-rubidium,34~35 nickel+zaesium,36 
and copper ferrocyanides.” From our results, it 
seems that the sorption is lowest when zinc nitrate is 
used. 

Simple zinc ferrocyanide is obtained by direct 
mixture of sodium ferrocyanide with a zinc solution, 
if the ratio Zn/Fe is > 2. When the Zn/Fe ratio 
is equal to 1.5, the definite compound 
Na,, Zn3 [Fe(CN),], is obtained. If we used ferrocyanic 
acid or potassium ferrocyanide, we noticed a slight 
deficiency in H+ or K+ content, with an excess 
of ZnZ+ compared with the stoichiometric com- 
pound M:Zn,[Fe(CN),], (M’ = K or Na). This stoi- 
chiometry was reached only in the case of single 
crystals grown in gel. 

By exchange of caesium from a 1M caesium 
chloride solution with a simple zinc ferrocyanide 
(Table 2, g), we obtained the product 
Cs,,jZn,,r,Fe(CN), . xH,O. The kinetics of the 
exchange38 has shown that after 70 hr of contact 
there was no more caesium fixation and that the 

reaction was complete. This product corresponds to 
the ferrocyanide obtained by preparation method g. 
The study of the quantity of Zn2+ ions released 
into the solution indicates that some caesium ions 
can be retained without any equivalent release of 
zinc. In this case caesium is probably adsorbed in the 
form of caesium chloride, the uptake of which varies 
from batch to batch, with a maximum observed value 
of 0.44 mole per mole of iron. If the exchange is 
performed several times, the caesium content can 
be increased; after 10 exchanges the composition 
Cs,.65Zn,,,4Fe(CN), . xH,O has been reached. 

By exchange of caesium with a mixed sodium zinc 
ferrocyanide (Table 2, i), we obtained the product 
Cs,,, N%.os Zn,,, Fe(CN), . x H20. The fixation of 
caesium was entirely balanced by the release of 
sodium ions.‘* It was possible to replace all the 
sodium ions by repeated exchange. The stoichio- 
metric formula Cs, Zn, [Fe(CN),], was thus achieved. 
It was impossible to increase the caesium content in 
this case. 

Crystalline structure 

Nickel ferrocyanides. Single crystals suitable for 
structure determination could not be obtained for 
nickel ferrocyanides owing to the very low solubility 
product and high nucleation rate. However, for 
Nil Fe(CN), . x H, 0 and Ni3 Fe(CN),]2. x Hz 0, crys- 
tals up to 10 pm in size were obtained, allowing good 
quality powder data to be collected and refined. 

The Fm3m structure with a, equal to -10 A 
reported in the literature” should be revised. Powder 
patterns of simple or mixed nickel ferrocyanides 
always showed weak but detectable lines of primitive 
cubic Miller indices. However, the structures for 
Ni,[Fe(CN),], and Ni2Fe(CN)s were refined in the 
Fm3m space group. Results are given in Table 11. 
The main features, in disagreement with previous 

Table 11. Results of the refinements of the crystal structure of 
Ni,Fe(CN), . xH,O and Ni,[Fe(CN),], . xH,O 

Ni,Fe(CN), . xH,O NiJFe(CN),], . xH,O 

Space group Fm3m Fm3m 

~0Ootmula units per cell 
10.0938 (6) A 10.2270 (7) A 

2 1 + l/3 
Site occupancy 

Ni (4b) 
Fe (4a) lf2 213 
C N (244 l/2 213 
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Table 12. Crystal lattice parameters of some nickel ferocyanides 
(Debye-Scherrer method) 

Preparation method* 
Other cation 

Ni/Fe ratio in the product 

: <2 22 H+ H+ 10.19 10.18 (1) 
(1) 

b 51 Na+ 10.19 (1) 
: 22 Na+, H+ 10.24 (1) 

<2 NH:, H+ 10.15 (1) 
d 22 K+, H+ 10.11(l) 
3 (growth on Na+ 10.18 (1) 

solid) 10.39 (1) 

*See methods in Table I and text. 

authors, are the partial occupation of iron sites and 
the fact that nickel is not found in the 8c positions. 
The partial occupancy of Fe sites could explain the 
occurrence of mixed compounds and solid solutions. 

When mixed nickel ferrocyanides are synthesized 
by precipitation from solutions the particle size is low 
and the X-ray diffraction lines are broad. Parameters 
for several products are given in Table 12. In all cases 
we found a, to he close to 10 A, accounting for a 
linear Ni-N-C-Fe grouping always present in these 
cubic structures. 

Zinc ferrocyanides. We have a better knowledge of 
the structure of zinc compounds, especially those of 
the M:Zn,[Fe(CN),], I series (Table 13). The X-ray 
patterns of these products were indexed by compari- 
son with data obtained from single crystals. In this 

series, with a rhombohedral structure, the cation 
can be H+, Na+, K+ or Cs+. These compounds 
are readily oxidized, particularly by heating, to 
a ferricyanide with the same structure.*’ The 
Cs2Zn,[Fe(CN),], product can be obtained only by 
exchange of sodium or potassium zinc ferrocyanides 
with caesium. Another caesium zinc ferrocyanide 
with a cubic structure is obtained by exchange of 
a fraction of the zinc atoms in the Zn,Fe(CN), 
compound. We did not reach a compound 
with CszZnFe(CN), composition. With the 
Cs,,6,Zn,~,,Fe(CN), . xH,O composition, we found 
a = 10.3642(8) A and x = 2.1 f 0.1. This product is 
isostructural with the compound C~MgFe(CN),*@’ 

For Zn,Fe(CN), we did not succeed in preparing 
single crystals by the gel method. We observed two 

Table 13. Structures of some zinc ferrocyanides 

Preparation 
method 

(see Table 2) 

Ratio 
in 

reagents 

Other cation 
in the 

product Structure structure type 
Zn 

a Fe=3 

Zn 
C g= 1.5 

d 
Zn 
62 1.5 

d’ 

Zn 
e E’4 

h 
Zn 
ET 1.5 

Zn 
g Fe=3 

h 
Zn 
Er 1.5 

Zn 
g Fe=3 

- 

Na+ 

H+ 

H+ 

K+ 

K+, H+ 

cs+ 

Cs+, H+ 

cs+ 

Trigonal 

Rhombohedral Rk 
a = 13.130 A a = 56.776” 

Rhombohedral Rk 
Belongs to the 
M:Zn3[Fe(CN),], series 

Mixture 
Probably H,Zn,[Fe(CN),], 

+ Zn, [Fe(CN),I, 

M:Zn, [Fe(CN)J213 

Rhombohedral R%. 
a = 12.9418, a = 58.010” 

Rbombohedral RE 
Belongs to the 
M:Zn, [Fe(CN),], series 

M: Zn, [Fe(CN)&” 

Mixture 
Zn, Fe(CN), + K2Zn, [Fe(CN),], 

Cubic Cs2 MgFe(Cl% 

Cubic Cs, MgFe(CN), 

i - Cs+, Na+ Rhombohedral Rx M:ZnJFeKN# 

‘With boiling. 
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different structures: a trigonal one containing two 
structural water molecules similar to the structure 
observed by Siebert et ~1.‘~ and another hydrate with 
a cubic structure (a _ 12.1 A). This last hydrate is 
always present with the trigonal compound when 
Li,Fe(CN), solutions are used for the preparation. 
It has not been reported in the literature. 

CONCLUSION 

A large variety of zinc and nickel ferrocyanides has 
been prepared. The two series are quite different, as 
far as structure and composition are concerned. 

For nickel ferrocyanides we always observed 
a cubic lattice. This structure is related to the 
6-co-ordination of nickel. A feature of this structure 
is the partial site occupancy for iron atoms, not 
previously discovered. Another feature is that nickel 
ferrocyanides generally include alkali-metal or H+ 
ions, and that the nickel-to-alkali metal ratio varies 
over a large range. We found that the only way to 
prepare simple nickel ferrocyanide is from lithium 
ferrocyanide, since Li+ ions seem not to enter into the 
ferrocyanide lattice. 

In contrast, zinc ferrocyanides are usually not 
cubic, and have a defined composition.The methods for 
preparing rhombohedral M:Zn,[Fe(CN),], . xH,O 
and trigonal Zq Fe(CN), .2H,O compounds are now 
well defined (M’ = H, Na, K, Cs). Sometimes, when 
we observed a different K/Zn ratio, the X-ray 
diffraction patterns revealed a mixture of phases. 

Ferrocyanides have a very high affinity for caesium 
ions. As could be expected, a total exchange of 
alkali-metal ions by Cs+ was achieved in the 
M:Zn,[Fe(CN),], series. Cs+ can also be exchanged 
on Zn2Fe(CN),.2H20, leading to a new cubic phase. 
The maximum Cs/Zn ratio we reached is slightly 
higher than 1. It may be compared to the 
Cs,Zn,[Fe(CN),], formula reported earlier.41 How- 
ever we never reached the Cs,ZnFe(CN), compo- 
sition, which has often been cited in the 
literature.4~31*41-45 

The preparation of products suitable for use as 
ion-exchangers in columns is important. All products 
prepared by precipitation have a large proportion of 
very small particles and are not suitable for such use. 
The development of the use of ferrocyanides depends 
on the preparation at low cost of a product with large 
stable particles, which could be used under industrial 
conditions. Recently, we have developed a new 
method, based on localized growth of particles.22 We 
are now studying in detail this .method of prep 
aration, in order to ensure that it meets the conditions 
above. 
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Summary-Triazolam and clotiazepam can be determined by flow-injection analysis with photometric and 
amperometric detection. With photometric detection, the signals are a linear function of the drug 
concentration from 3 to 55@ (A = 228 nm) for triazolam and from 31 to 502pM (A = 390 nm) and from 
6 to 125@4 (A = 260 nm) for clotiazepam. FIA systems with amperometric detection allow the 
determination of these drugs in the range 6-116pM (triazolam) and 16-162#4 (clotiazepam). 

Benzodiazepines are a group of compounds of con- 
siderable therapeutic importance as tranquilizers 
and anxyolitic agents.’ 8-Chlorod-(o-chlorophenyl)- 
1 -methyl - 4H - 1,2,4 - triazolo(4,3 - a) - (1,4) - benzodi- 
azepine (triazolam) and 1 -methyW(o -chlorophenyl)- 
7-ethyl- 1,2-dihydro-3H-thieno(2,3-e)(l,4)-diazepin- 
2-one (clotiazepam) have chromophore and 
electroactive groups in their molecules which allow 
their spectrophotometricZ3 and polarographic4*s 
determination. 

In this paper we describe the application of flow- 
injection analysis (FIA) with photometric and amper- 
ometric d&&ion, to the determination of these two 
drugs. 

EXPERIMENTAL 

Reagents 
Triazolam and clotiazepam were kindly supplied by 

Upjohn Farmoquimica, Madrid, and Esteve Laboratories, 
Barcelona, respectively. Stock solutions of triazolam 
(2.94 x 10-‘&f) and clotiazepam (3.13 x lo-‘M) were pre- 
pared in pure methanol and kept under refrigeration to 
avoid degradation. 

A 0.04M acetic acid/sodium acetate buffer @H 4.7) was 
prepared in aqueous methanol medium (13% v/v methanol) 
and used as the carrier in the triazolam FIA system. The 
triazolam sample solutions were diluted with this buffer. 

Sulphuric acid, O.lM, was used as the carrier for the 
clotiazepam determination. 

All reagents used were of analytical grade. 

Apparatus 

A Perlcin-Elmer 550 spectrophotometer and Helhna 
18-~1 flow-through cells were used for the photometric 
detection, the flow-injection signals being recorded with a 
Hewlett-Packard 7015B x-r recorder. 

Electrode potentials were controlled by means of a PAR 
174 polarographic analyser. A Houston Instrument Omni- 
graphic 2000 X-Y recorder was used to record the volt- 
amperograms and the 7015B recorder to monitor the 

fiow-injection signals. A three-electrode system was used, 
with a sessile mercury drop working electrode, a platinum 
counter-electrode and a saturated calomel reference 
electrode. 

The amperometric detector cell was a laboratory-built 
wall-jet detector, designed by Fogg and Summan, with a 
sessile mercury drop working electrode. The detector is used 
partially immersed in electrolyte of the same composition as 
the carriers, to allow electrical contact with conventional 
counter and reference electrodes immersed in the same 
electrolyte solution. 

Removal of oxygen from the carrier and sample solutions 
was necessary and was achieved by passage of oxygen-free 
nitrogen. 

A single-channel flow-injection system was used for both 
types of detection. A Gilson Minipuls-2 pump was used to 
maintain the carrier flow and sample injections were made 
with a low-pressure Rheodyne 5020 injection valve. 

RESULm 

FIA system with photometric detection 

The low solubility of triazolam necessitated use of 
an aqueous alcohol medium. The absorption spec- 
trum of triazolam in methanol-water (8:92 v/v) has 
two absorption maxima, Fig. 1. The sensitivity is 
highest at pH > 4, and a wavelength of 228 mn. The 
methanol concentration affects the peak heights ob- 
tained in the FIA system, and 13% v/v methanol was 
chosen for higher sensitivity. 

The solubility of clotiazepam allows its determina- 
tion in aqueous medium. The clotiazepam absorption 
spectrum has three maxima, at 212, 260 and 
390 nm, in acidic medium, and these are shifted to 
210, 245 and 320 nm at higher PH. The carrier for 
the FIA studies was O.lM sulphuric acid, which 
allows determination of clotiazepam in the visible 
region (390 run) as well as at 260 nm, with high 
sensitivity. 
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Fig. 1. Absorption spectra of triazolam solutions at various pH values. 

Optimization 

From plots of absorbance vs. flow-rate, 5.0 and 5.4 
ml/mm were chosen as flow rates for the triazolam 
and clotiazepam determinations, respectively. These 
values lie on the plateaus of the plots and result in a 
maximal signal. 

The effects of the length and internal diameter 
of the delay coil, and the sample volume, on the 
absorbance is shown in Fig. 2. The optimal condi- 
tions selected are given in Table 1. Under these 
conditions the residence times were 12 and 15 set 
for triazolam and clotiazepam, respectively, which 
would allow throughput rates of around 120 
samples/hr. 

The FIA signals were linear functions of the drug 
concentration from 3 to 55pM for triazolam and 
from 31 to 502pM at 390 nm and from 6 to 125pM 
at 260 run for clotiazepam. The sensitivity for cloti- 
azepam was much greater at the shorter wavelength. 
For both methods the relative standard deviation was 
about 0.7%. 

FIA system with amperometric detection 

The hydrolysis of triazolam in acidic medium 
(pH < 3) affects its polarographic behaviour, the 
initial cathodic peak shifting to more negative poten- 

tials with time. The reduction peak of the azomethine 
group is constant when the hydrolysis has reached 
equilibrium. 

At pH > 3, the compound gives rise to a single 
reduction peak, which is pHdependent, as shown in 
Fig. 3. 

An acetate buffer was chosen, with a pH that 
would prevent hydrolysis and avoid the use of poten- 
tials so negative that problems would arise with the 
sessile mercury drop electrode.’ 

The carrier chosen was acetate buffer of pH 4.7, 
prepared in 10% v/v methanol. This methanol con- 
tent was lower than that used in the photometric 
detection system because of the impossibility of 
avoiding bubble formation (which caused inter- 
ference) when a higher methanol content was used. 
Although bubble formation occurred in the photo- 
metric system, the interference was relatively low 
because of the lower sensitivity of response. 

The other compound, clotiazepam, is also elec- 
troreducible at the mercury electrode and gives rise to 
a single reduction peak over the pH range l-10, as 
can be observed in Fig. 4. The highest peak current 
was obtained in acidic medium (pH < 2). The same 
carrier, 0.1 M sulphuric acid, as in the photometric 
method was chosen. 

Table I. Optimum experimental parameters for FIA systems 

Triazolam Clotiazepam 

Photometric Amperometric Photometric Amperometric 

Flow-rate, mljmin 5.0 4.5 5.4 6.4 
Sample volume, ~1 15 106 75 15 
Delay coil 

Length, cm 37.0 50.0 35.0 16.0 
Internal diameter, mm 0.58 0.58 0.58 0.58 
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Fig. 2. Effect of the experimental parameters on the photometric FIA signals. (a) Length of the delay coil, 
@) sample volume and (c) internal diameter of the delay coil. (0) Triaxolam at 228 nm, (0) clotiaaepam 

at 260 nm, (0) clotiazepam at 390 nm. 

Samples and carriers were freed from dissolved clotiaxepam into the corresponding carriers, whilst 
oxygen by passage of nitrogen. the applied potential of the amperometric detector 

The hydrodynamic voltamperograms were ob- was increased by increments of 0.1 V, and plotting 
tained by injection of 116#4 triaxolam and 161.$.&f the current as a function of applied potential. The 

Ai 9 1 , 

Fig. 3. DPP polarograms of triaaclam at different pH values. 
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Fig. 4. DPP polarograms of clotiazepam at different pH values. 
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Fig. 5. Effect of the experimental parameters on the amperometric FIA signals. (a) Flow-rate, (b) length 
of the delay-coil, (c) internal diameter of the delay-coil, (d) sample volume. (0) Triazolam, (0) 

clotiazepam. 
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Table 2. Determination of triazolam and clotiazepam in pharmaceuticals 

Halcion 0.5-mg tablets Distensan lo-mg tablets 

Photometric Amperometric Photometric Amperometric 
detection detection detection detection 

Assay, Assay, Assay, Assay, 
Sample W Sample mg Sample mg Sample mg 

1 0.525 
;: 

0.490 1 10.06 1’ 10.02 
2 0.510 0.490 2 10.01 2 9.85 
3 0.502 3’ 0.500 3 10.08 3’ 9.82 
4 0.490 4 0.505 4 9.80 4 10.07 
5 0.495 5’ 0.502 5 9.90 5’ 10.16 

Average 0.504 0.497 9.97 9.98 
value 
Standard 0.013 0.007 0.12 0.14 
deviation 

potentials - 1.125 and -0.950 V, which are on the 
plateaus of the hydrodynamic voltamperograms, 
were chosen for use. for triazolam and clotiazepam 
determination, respectively. 

Optimization of the method 

Distensan tablets were found to disintegrate very 
quickly in dilute sulphuric acid, so were stirred with 
O.lM sulphuric acid for 5 min, and after centrifuga- 
tion the solution was made up accurately to 100 ml 
with the same acid. This solution was suitably diluted 
before injection into the flow-injection system. 

The effect of flow-rate, sample volume and delay- 
coil bore and length on the FIA signals is shown in 
Fig. 5, and these results formed the basis for the 
choice of optimal parameters (Table 1). 

The FIA signals were linear functions of the drug 
concentration from 6 to 116pM (triazolam) and from 
16 to 162pM (clotiazepam). The relative standard 
deviations were typically lower than 1% for ten 
injections. 

The results obtained for Haltion and Distensan are 
shown in Table 2. Both formulations can be analysed 
with errors lower than 1.5%. There was no inter- 
ference from excipients. The results refer to the 
amounts of benzodiazepine found in the individual 
tablets. The solutions were also analysed by spec- 
trophometry and polarography, and the results were 
in concordance with the values obtained by the FIA 
methods. 
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A LIQUID-STATE COPPER(I1) ION-SELECTIVE 
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WITH SALICYLANILINE 
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Summar-A new liquid-state ion-selective electrode based on a complex of Cu(II) with salicylaniline is 
described. The electrode shows linear dependence of potential on the activity of Cu2+ in the range from 
5 x 10e6 to O.lM, with a slope of 28.3 mV/pCu at 18”. The electrode shows a better selectivity relative 
to Ag(1) and Hg(I1) than other copper ion-selective electrodes. The possibilities for using the electrode 
for determination of copper in the presence of interfering cations are described. 

All hitherto reported ion-selective electrodes sensitive 
to Cu2+ also show a high sensitivity to cations such 
as Ag+ and H$+. In the case of liquid-state elec- 
trodes containing copper complexes’-‘0 this is caused 
by the similar stability of the complexes of copper 
and the interfering ions, and in the case of solid-state 
membrane electrodes is due to the similar solubility 
of the salts of copper and the interfering cations. 

The poor sensitivity of most copper-sensitive elec- 
trodes (relative to that for the above-mentioned 
cations) was the reason for our undertaking a search 
for new electroactive copper compounds which could 
be used in liquid-state ion-selective electrodes. The 
compounds which selectively complex copper(I1) 
are Schiff’s bases (oxyazomethines, salicylamines). 
Schitf’s bases are formed by condensation of an 
aromatic aldehyde with aromatic amines:“*‘* 

R’CHO + RNH, + R’CH = NR + H,O 

The products from the condensation with salicyl- 
aldehyde react with metal ions to form complexes of 
the type. 

CH=N-R 
I 

I 
(1) 

O- M/n 

In this work, such a complex is proposed as the 
electroactive substance in a liquid-membrane ion- 
selective electrode sensitive to copper cations. 

Preparations of the Schtf’s base 

Salicylaniline was obtained by heating 1.5 g of aniline and 
2 g of salicylaldehyde in 10 ml of ethanol in a water-bath 
at 80”. After cooling, the yellow crystals formed were 
separated, and recrystallized several times from ethanol; 
their m.p. was 52”. 

Preparation of the ion-exchanger 

A solution of 0.19 g of salicylaniline in 10 ml of 
chlorobenxene was shaken with three 15ml portions of 
O.lM cupric nitrate solution in sodium acetate buffer 
of pH 6. The organic phase containing the complex was 
separated and washed with 0.144 sodium acetate butTer 
(pH 6) and water. 

Construction of the electrode 

A Teflon body (previously described)” is used for making 
the electrode. The construction of the electrode is similar to 
that of an Orion liquid-state ion-selective electrode. The 
internal solution of the electrode, including the reference 
electrode (Ag/AgCl) immersed in it, is separated from the 
test solution by a porous membrane saturated with the 
liquid ion-exchanger. 

We use a lo-*M solution of CuCl, (saturated with AgCl) 
as the internal solution, and cellulose nitrate porous mem- 
branes (Sartorius type SM 11306). Before use the mem- 
branes are made hydrophobic by heating at 80” for 5 hr in 
a 10% solution of hexamethyldisilazane, then washed 
with benzene and dried. The measurement cell is in the 
form 

Reagents 

EXPERIMENTAL 

ABC1 4 I I 

Solvents used were purified by distillation. Solutions of In this work the e.m.f. of the cell was measured with a 
cations were prepared from analytical grade salts and water digital pH-meter (Beckman 4500) connected to a recorder 
redistilled in silica apparatus. (Philips PM 8220). 
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RESULTS AND DISCUSSION 

Selection of the Schlf’s base 

KRZYSZTOF &N 

.’ 

Several SchilYs bases (R’CH = NR) were pre- 
pared, in which R was 

/\ -Q -((cH~),-N=CH ’ ’ - -Q - 
i)H bH 

(n=2,4or 6) 

The extraction of cations at pH 5.5 by chloro- 
benzene solutions of these Schiff’s bases was investi- 
gated. Poor extraction (< 0.3%) was observed for 
Ag+, N?+, H$+, Zn*+, Pb2+, whereas the extraction 
was very effective for CU*+. Figure 1 shows the 
dependence of the CU*+ extraction on pH, for three 
of the SchifT’s bases. Extraction at pH 6 was selected 
as optimal for the preparation of the membrane 
solutions. 

The electrodes prepared with the selected copper 
complex solutions as membranes were examined for 
response range, dependence of electrode potential on 
pH and the response time. 

It was found that the best electrode appeared to be 
that made with a chlorobenzene solution of the 
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Fig. 1. The dependence of Cu2+ extraction (E) on pH, with 
lo-*A4 chlorobenzene solutions of Schiff’s bases (formula 1) 

with various ligands: 

1, R=-C,H,; 

2, R=-(CH,),-H=CH// $ ; 

3,R=_. 
-(b) 

I I I I I I 

6 5 4 3 2 i 
PCU 

Fig. 2. Calibration curve of the electrode at 18”: l-in O.lM 
NaNO,; 2-in 1M KCl. 

salicylaniline copper complexes. It was found by 
Job’s method that the composition of this complex 
was 2 : 1 ligand : copper(I1). 

Response range 

Figure 2 illustrates the dependence of the electrode 
potential on the concentration of copper(I1); the 
calibration was done with solutions of Cu(NOS)* in 
O.lM sodium nitrate, at pH 4-6. The electrode 
showed nearly Nemstian response in the concen- 
tration range 5 x 10-6-0.1M, with a slope of 
28.3 mV/pCu at 18”. 

Effect of pH on electrode potential 

This was investigated with 10-5-10-2M CU(NO,)~ 
solutions, and is presented in Fig. 3. The increase in 
the electrode potential at lower pH values is due 
to interference by hydrogen-ions, the selectivity 
coefficient Khn, being close to 100. The potential 
drop observed for higher pH values is attributed to 
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Fig. 4. The time required for the stabilization of the 
potential in Cu(NO,), solutions of various concentrations. 

a decrease in the activity of Cu*+ resulting from 
formation of hydroxo-complexes during the addition 
of sodium hydroxide to adjust the pH, and incom- 
plete decomposition of the more inert of these species. 

Response time and lifetime of the electrode 

The response time as a function of copper concen- 
tration was examined at constant ionic strength 
(0.1 M, NaNO,) and a pH in the range of minimum 
effect of pH change on potential. The results are 
shown in Fig. 4. The calibration slope was found to 
remain practically constant over 8 consecutive days 
of use of the electrode, but then began to decrease. 
The electrode could be used for a further 7 days, but 
regular recalibration was needed. However, the elec- 
trode is easy to make and is immediately ready for use 
without conditioning, so this comparatively short 
durability is not regarded as disadvantageous. 

Selectivity 

Selectivity coefficients were determined by measur- 
ing the electrode potential in solutions of the same 
copper activity (lo-’ and 10d4A4) and constant ionic 
strength (0. lM, NaNOj) and without foreign cations 
present. The coefficients were calculated from 

Table 1. Selectivity coefficients of Cu(I1) liquid-membrane 
electrode at ionic strength 0.1 NaNO,, pH 4-5 

Interfering 
cation 

G!zh( 
10-3&f cu*+ IO-4M cu*+ 

MgZ+ 
Ca*+ 
py2: 

g2-l 

Fe3+ 
co*+ 
Ni*+ 
;$ 

Cd*+ 

5 x 10-4 10-4 
5 x 10-4 10-4 
3 x lo-’ 4 x 10-4 
2 x 10-j lo-’ 

10-S lo-’ 
2 x 10-S 10-4 

10-j 5 x IO-’ 
lo-’ 10-4 
lo-’ 1 x lo-’ 
0.8 1.2 
10-S 2 x 10-J 

2 x 10-l lo-’ 

W+ 10-2 9 x 10-3 

where Ecu,* and Ec, are the electrode potentials in 
solutions containing the mixture of copper and for- 
eign cation and in pure copper solutions, respectively, 
a, and a, are the activities of Cu*+ and M*+, and 
z is the charge on the foreign cation. The values found 
are given in Table 1. The coefiicients for the alkaline 
earth metals were very small. The electrode has good 
selectivity in the presence of all the cations tested, 
except silver. 

Copper ion-selective electrodes with solid mem- 
branes are often affected by halide anions” but the 
salicylaniline/Cu electrode is not, as shown in Fig. 2. 

ANALYTICAL APPLICATIONS 

The electrode may be used for determination of 
copper by direct potentiometry, and as an indicator 
electrode in potentiometric titrations. However, the 
linear calibration range will be shortened by the 
presence of H$+, Pb*+ and especially Ag+, as shown 
in Fig. 5, and the direct method for copper determi- 
nation in the range 3 x 10e5- lo-*M can be used 
only when the concentrations of these ions do not 
exceed 10d4M. 

Potentiometric titration 

The electrode was used as indicator electrode 
in potentiometric titration of copper with EDTA 
and the more selective BADMF, benzylimine-N,iV- 
bis(methanephosphonic) acid.r5 Cu*+ forms a more 
stable complex with BADMF (log K = 9.4) than with 
EDTA. The other transition-metal cations form more 
stable complexes with EDTA. Curves for titration of 
copper with the tetrasodium salt of BADMF are 
given in Fig. 6. The curves obtained for titration with 
the tetrasodium salt of EDTA were very similar. 

The use of the tetrasodium salt prevents the de- 
crease in the pH of the titrated solution that is 

PCU 

Fig. 5. Calibration curves for the copper electrode in O.IM 
NaN4, in the presence and absence of interfering cations: 
I, Hd+ (lo-‘M)’ 2, HgZ+ (10-4M); 3. Pb2+ (lo-*M); 

4, Ag+ (10m3M); 5, no interfering cations. 
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Fig. 6. The potentiometric titration curves for copper sol- 
utions of various concentrations with solutions of the 
tetrasodium salt of BADMF (titrants were ten times 
more concentrated than the titrands): 1, 10-3M Cu2+; 

2, lo-‘M cu*+; 3, 10-5i+i cut+; 4, 5 x lo-6M cl?+. 

discernible in the major part of the titration with 
the disodium salt. However, the pH increases in the 
vicinity of the end-point, and this will increase the 
change in electrode potential because of the increase 
in the conditional stability constant of the complex. 

The curves for titration of 5 x 10V6A4 Cu” are of 
correct shape when the tetrasodium salt of BADMF 
is used. When other cations are present in the titra- 
tion solution, a change in the curve shape is caused 
by the rapid increase in the C&C,, ratio and there 
may be a shift of the end-point if the differences in 
stability between the BADMF complexes of copper 
and the interfering ions are too small. 

Owing to the high selectivity of BADMF, however, 
only a flatting of the curves is caused by the effect 
of interfering cations on the electrode potential. 

Figure 7 presents the curves for titration of Cu2+ 
in the presence of Ag+, HgZf and Pb2+. The effect of 
these cations on the shape of the titration curve 
corresponds to the selectivity of the electrode. 

V (ml) 

Fig. 7. Potentiometric titration curves for copper (lo-“M) 
with tetrasodiwn salt of BADMF (lO%W) in the presence 
of interfering cations: 1, lo-‘M HP; 2, IO-‘&# Pbl+; 

3, 10-4M Ag+. 

EMF 

1 

10 mC 

T 

I I / I II,,,, 

0 5 

V (ml) 

Fig. 8. Potentiometric titration curves for copper (10e3M) 
in the presence and absence of interfering cations, with 
the proposed electrode (I) and the CRYTUR 29-17 
electrode (II), with 10e2M BADMF in buffer (O.liw 
CH,COONa f CH@OH) at pH 6.5: I, H$+; 2, Pbz+; 

3, A8+; 4, no interfering cations. 

The advantages of the electrode may be well illus- 
trated by a comparison of these titration curves 
with those obtained with the CRYTUR 29-17 solid- 
membrane copper electrode for the titration of 
copper with BADMF at pH 6.5 (O.lM acetic 
acid/sodium acetate buffer), Fig. 8, The smaller 
potential jumps observed in the titration are caused 
by the lower ~nditional stability constant of 
the complex at pH 6.5 and the higher activity of 
copper in the solution. To improve the legibility 
of the figure, some curves have been shifted relative 
to others, but the scale has been kept intact. In 
titration of Cu2+ in the presence of Ag+, use of the 
CRYTUR electrode gives a large error and in the 
presence of H$+ the titration cannot be performed 
at all. 

In the corresponding titrations performed with the 
present electrode, the interfering cations cause only 
a smaller potential drop and poorer precision, and 
the curves obtained are fully suitable for analytical 
interpretation. 

The accuracy of Cu(fl) determinations by the direct 
method and potentiometric titration 

A statistical evaluation of copper(H) determi- 
nations by direct potentiometry and by potentio- 
metric titration was made. Titrations were done with 
10e2 and 10e3M BADMF (tetras~ium salt) for 
copper in pure solutions and in solutions containing 
interfering cations. The results are presented in 
Table 2. The coefficients of variation are smaller for 
the series of analyses of pure copper solutions, which 
may be classified as accurate. The precision is lower 
when interfering cations are present, but in view of 
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Table 2. Statistical analysis of the results of copper determinations (mean f standard 
deviation, 5 replicates) by direct method and by potentiometric titration, in presence and 

absence of lo-‘M interferent 

Cu content 
Cu concentration in sample, Method of Interfering Cu found, 

sample, M mg determination cation mg* 

771 

lo-’ 
10-4 
10-4 
10-’ 
10-4 
10-’ 
lo-’ 
10-4 
10-’ 
10-3 
10-3 
10-’ 
10-3 

0.1588 direct 
0.1588 direct 
0.1588 direct 
0.1588 direct 
0.1588 direct 
0.1588 titration 
0.1588 titration 
0.1588 titration 
0.1588 titration 
1.588 titration 
1.588 titration 
1.588 titration 
1.588 titration 

- 
Ag+ 
Pb2+ 
W+ 
Cd*+ 

- 

;k$: 

Hg2+ 
- 

0.1594*0.0004 
0.1643 f 0.0047 
0.1636 f 0.0031 
0.1636 f 0.0053 
0.1611 ~0.0028 
0.1597 + 0.0016 
0.1675 + 0.0074 
0.1663 f 0.0009 
0.1669 + 0.0071 

1.596 IO.015 
1.707 f 0.057 
1.644 + 0.022 
1.700 f 0.038 

*Mean + standard deviation. 

the fact that no masking agents were used, the 3. 
precision may be considered as satisfactory. 4. 

Conclusions 

The electrode described is characterized by sensi- 
tivity close to that of the electrodes with Cu,S-Ag,S 
membranes. Its selectivity coefficients are smaller 
than those of other copper ion-selective electrodes 
described in the literature. The advantageous selec- 
tivity of the electrode is best illustrated with respect 
to Ag+ and H$+. The potential of the electrode 
stabilizes quickly and has good reproducibility. The 
durability of the electrode (taking into consideration 
the ease of assembly) is satisfactory. The examples 
given of analytical application of the electrode 
indicate its usefulness. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 
12. 

13. 

14. 
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Summary-The complexes of murexide with alkali-metal cations have been studied spectrophotometrically 
in methanol, dimethylformamide and dimethylsulphoxide media at 25”. The stoichiometry of the 
complexes was found to be I : 1. The formation constants of the complexes were determined, and found 
to decrease in the order Na+ > K+ > Rb+ m Li+ for all solvents studied. The complex formation constants 
varied inversely with the Gutmann donicity of the solvents. 

Two decades ago the co-ordination chemistry of the 
alkali-metal ions was very largely unknown. The 
discovery of crown ethers’ and cryptands’ opened a 
new era in co-ordination of metal ions, and during 
the past 15 years thermodynamic and kinetic studies 
of the complexation reactions between these ligands 
and alkali-metal ions have become a very important 
field of research.3 In the past, however, the studies of 
alkali-metal complexes with more conventional lig 
ands have been much less popular, mostly due to the 
weak interactions between these ligands and cations 
(especially in aqueous solutions), which are often 
undetectable by most physicochemical techniques.’ 

L I -! 

Murexide, the ammonium salt of purpuric acid (I), 
is well known as a metallochromic indicator for 
determinatiot?” and dynamic studies’ of alkaline- 
earth metal cations in aqueous solution. The use 
of murexide in spectrophotometric studies of the 
kinetics of alkali-metal complexation by a variety of 
ligand molecules in methanol solution has also been 
reported.* 

We have recently reported the results of a study of 
alkaline-earth metal complexes with murexide in 
some non-aqueous solvents,9 and have now extended 
the study to the alkali-metal complexes formed with 
murexide in methanol, dimethylformamide and 
dimethylsulphoxide solutions. 

*Author to whom correspondence should be addressed. 

ExPERIMBNTAL 

Reagent grade murexide (Merck) and the bromides of 
lithium (BDH), sodium (Merck), potassium @I & B) and 
rubidium (Merck) were used without further treatment 
except drying. The methanol (Baker, MeOH), dimethylfor- 
mamide (Fisher. DMF) and dimethvlsulnhoxide (Fisher. 
DMSO) used were purified as repo&d~elsewhere.‘O All 
spectra were obtained with a Beckman 34 spectrometer at 
25 f 2”. 

The formation constants of the 1: 1 complexes 

__ [ML1 

were determined by measuring the absorbance changes in 
the complex formation reactions. The concentration of the 
ligand was kept constant at 2.0 x lO_rM and the concen- 
tration of the salts was varied from 1.0 x lo-’ to 
1.0 x lo-*M. 4 was determined from a linear plot of 
l/(aA-eL) vs. l/C,+,” since 

1 1 1 -=- - 
CA-CL (ML - EL ( > l+x;c, 

(1) 

where E A = A/C,, A is the absorbance of the solution, CL is 
the initial concentration of mumxide, C,,, is the total concen- 
tration of alkali-metal ion and eL and tlrlL am the molar 
absorptivities of the ligand and complex, respectively. 

RESULTS AND DISCUSSION 

The spectra of murexide and its complexes with 
Li+, Na+, K+ and Rb+ were obtained in MeOH, 
DMF and DMSO solutions. The spectra in DMSO 
are shown in Fig. 1. In all three solvents, the alkali- 
metal complexes are distinguished by a strong and 
ion-specific spectral shift towards shorter wave- 
lengths. As we have noted in the case of the 
alkaline-earth metal murexide complexes,9 such a 
pronounced shift is possible only if the two rings of 
the murexide molecule are twisted around the central 
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Li* 

I I I I I I 

450 500 550 600 650 

WAVELENGTH hm) 

Fig. 1. Visible region spectra of murexide and its alkali- 
metal complexes in DMSO. 

nitrogen-bridge axis in the complexation. Such an 
assumption was proposed earlier.’ 

The stoichiometry of the complexes was deter- 
mined by the continuous variations method,‘* and 
found to be 1: 1. The plot for the Na+ complex in 
DMSO is shown in Fig. 2. The existence of well 
defined isosbestic points in the spectra of murexide 
recorded during its titration with alkali-metal sol- 
ution is also further evidence for a simple 1: 1 com- 
plexation equilibrium (Fig. 3). 

To determine the formation constants of the com- 
plexes, the spectra of solutions containing a constant 
amount of murexide and varying amounts of the 
alkali metal were obtained (c$ Fig. 3). The plots of 
l/(eA - Ed) us. l/C, gave straight lines, in accordance 
with equation (l), and the formation constants were 
calculated from the slopes and intercepts. All the 
values obtained are given in Table 1. The relation- 
ships between the stability constants and the crystal 
radii of the alkali-metal cations” are shown in Fig. 4. 

It is seen (Table 1) that in methanol solutions the 
stability of the Nat complex is not affected by a 

MOLE FRACTION 

Fig. 2. Continuous variation plot for Nat-murexide in 
DMSO. 

change in the counter-ion from chloride to iodide. 
It is evident, therefore, that in the relatively high 
dielectric constant16 solvents we used and at the low 
salt concentrations studied, the formation of the 
complexes is unaffected by ion-pairing. Comparison 
of our values with those reported from kinetic data 
for the complexation of Lit, Na+ and K+ ions by 
murexide in methanol, measured by the spectro- 
photometric electric field-jump relaxation method,’ 
shows a satisfactory agreement. 

As shown in Fig. 1, the spectral behaviour of the 
alkali-metal complexes of murexide consists of strong 
cation-specific shifts towards shorter wavelengths. 
Whereas, in all solvents used, the displacement and 
intensity of the absorption band of the complex both 
increase with decreasing radius of the alkali-metal 
ion, the formation constants of the complexes vary in 
the order Nat > K+ > Rb+ _ Lit. The same kind of 

WAVELEIJGTH (nm) 

Fig. 3. Visible region spectra for titration of 2.0 x 10v5M murexide with Li+ in DMSO at 25”. [LPI: 
1, 1.0 x 10-2M; 2, 8.0 x lo-“M; 3, 6.0 x lo-‘M; 4, 4.0 x lo-‘M; 5, 2.0 x lo-‘M; 6, 1.0 x lo-‘M; 

7, murexide alone. 



Spectrophotometric study of the alkali metal-murexide complexes 

Table 1. Log X, of different alkali-metal cation complexes with murexide in 
various solvents at 25”, with chloride as counter-ion 

Dielectric Gutma~ 
Solvent constant’6 donor numberI Cation log x, 

Methanol 32.7 19.7 L.i+ 2.85 f 0.07 
Li+ 2.9* 
Na+ 3.38 f 0.06 
Na+ 3.43 f 0.087 
Na+ 3.4. 
:: 3.08 f 0.08 

3.1’ 
Rb+ 2.95 f 0.06 

DMF 36.7 26.6 Li+ 2.28 f 0.07 
Na+ 2.90 f 0.06 
K+ 2.50 f 0.06 
Rb+ 2.37 rt 0.05 

DMSO 46.7 29.8 Li+ 1.99 f 0.07 
Na+ 2.58 + 0.07 
K+ 2.18 &0.06 
Rb+ 2.02 f 0.05 

*From Diebler et ~1.~ 
tWith iodide as counter-ion. 
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behaviour was observed for the alkaline-earth metal 
murexide complexes,9 where Ca*+ (which has about 
the same ionic size as Na+) forms the most stable of 
the alkaline-earth metal complexes. 

Whilst any simple model must correspond to the 
monotonic decrease in the stability with increasing 
radius of the cation, the question may arise of why 
the complexes of metal ions of a particular size have 
the highest stability constant. Since in the case of the 
alkali metals and alkaline-earth metals we are dealing 
with ions with “noble gas” electron coniigurations, 
the selectivity of complex formation cannot be 
a consequence of rearrangement of the electron 
configuration as in the case of transition metal 
ions. Therefore, it seems more likely to be a special 

I I I I 

0.8 1.0 1.2 1.4 

IONIC RADIUS th 

Fig. 4. Stability constants of the alkali-metal complexes of 
murexide, in various solvents at 25” us. ionic radii of the 

cations. 

property of the complexing ligand and the reaction 
medium. 

First, it should be noted that the thermodynamic 
stability constant is not just a measure of the solute- 
solute interaction, but is a measure of the relative 
strength of this in comparison with that of the 
solute4olvent interactions. Thus for a given group of 
metal ions the stability constant will be afIected 
mainly by the differences in the cation-ligand binding 
strengths and the solvation energies of the metal ions 
and their complexes. Another factor which could 
affect the stability constant is the conformational 
geometry of the ligand in solution. As mentioned 
earlier,s” murexide has a relatively flexible structure 
in solution, in which the two rings of the dye molecule 
can twist relative to each other around the central 
nitrogen-bridge axis, so that the donor atoms (bridg 
ing nitrogen atom and neighbouring oxygen atoms) 
can form a variable geometry. Clearly the highest 
binding energy would be associated with a particular 
cation size favouring a suitable spatial fit. Cations 
with smaller or larger radius would fail to achieve the 
maximum stability. The reported crystalline struc- 
tures for the lithium” and potassium’s complexes of 
murexide support this discussion. In both cases, the 
two approximately planar barbiturate rings of each 
anion (I) are. not co-planar, the interaction between 
neighbouring carbonyl groups causing torsion about 
the central nitrogen+arbon bonds. It is obvious that 
in solution the ligand, with much more flexibility, has 
a better opportunity to achieve the most convenient 
structure. 

From Table 1 it can be seen that for a given cation 
the stabilities of the complexes are very dependent on 
the nature of the solvent, but with all the solvents 
tested there is an inverse relationship between the 
stabilities of the complexes and the donicity of the 
solvents, as expressed by the Gutmann donor num- 
bers.i6 Methanol is the solvent with lowest donicity 

TAL %/l-E 
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and, therefore, is the least competitive with the ligand 
for binding the cations, which in turn results in higher 
stability for all the murexide complexes in a given 
metal series. There are several earlier articles which 
clearly show the same type of the solvent effect on the 
stabilities of various alkali-metal and alkaline-earth 
metal complexes.9*‘7-20 
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Summary-The mieellar solubilization complex systems of V(V), Cu(II), Zr(IV), Pd(II), Fe(III), Ni(I1) and 
Co(I1) with 3,5-diBr-PADAP and Triton X-100 have heen investigated by HPLC on an ODS (5 x 250 mm) 
column with a ternary eluent of methanol-acetonewater containing TBA+ and acetate buffer @H 3.0) 
at 600 or 572 nm wavelength for the detection of the complexes. An HPLC-spectrophotometric method 
for determinations of seven metal ions has been developed. The peak height calibration curves are linear 
up to 50-lOOpg/l, metal ion concentration. The relative standard deviations for the determination of 
30.0 pg/l metal ion were 091.6% and the detection limits (S/N = 3) were l.l-3.6pg/l. 

Reversed-phase high-performance liquid chromatog- 
raphy has been a useful tool for separating water-sol- 
uble metal complexes’-’ and micelle-solubilized metal 
complexes,**9 and the selectivity and sensitivity of 
spectrophotometric determinations of trace amounts 
of metal ions have thereby been improved. 

2-[(3,5-Dibromo-2-pyridyl)azo]-5diethylamino- 
phenol (3,5-diBr-PADAP) has been proposed for the 
micelle-enhanced spectrophotometric determination 
of vanadium, copper, zirconium, palladium, iron, 
nickel and cobalt, which can form micellar complexes 
with it in aqueous medium in the presence of Triton 
X-100, but the selectivity is not improved. It is very 
difficult to use the method for the determinations of 
these metals in actual samples. 

In the work described here, reversed-phase HPLC 
of the metal 3,5-diBr-PADAP-Triton X-100 com- 
plexes on a C-18 bonded-phase column with an 
acetate-buffered ternary eluent of methanol-acetone- 
water containing the tetrabutylammonium ion 
(TBA+) as counter-ion has been studied. Seven of 
these micellar complexes can easily be separated. An 
HPLC-spectrophotometric method for determina- 
tion of vanadium, copper, zirconium, palladium, 
iron, nickel and cobalt in the same solution has been 
established, and has better reproducibility and higher 
sensitivity. 

*Project supported by National Natural Science Founda- 
tion of China. 

EXPERIMENTAL 

Apparatus 
The HPLC system consisted of a Gilson model 302 pump, 

a 5 x 250 mm Snherisorb 5 ODS column. a Shimadxu model 
UV-365 recording spectrophotometer equipped with a . __ 
Gilson E-4 flow -cell and -used as a detector at 572 or 
600 nm, and a Rheodyne model 7 125 sample-injection valve 
with a 100~pl loop. 

Chemicals 
All chemicals were of analytical reagent grade or better. 

Water that had been distilled and demineralimd was used 
throughout. 

3,5-DiBr-PADAP solution, 0.02%. Prepared by dis- 
solving 4O.Omg of reagent (Tianjin Institute of Chemical 
Reagent, China) in 200 ml of methanol. 

Sodium acetate-acetic acid buffer, pH 3.0. Made by 
mixing O.lM sodium acetate with O.lM acetic acid, with 
pH-meter control. 

Triton X-100 solution, 5%. Prepared by dissolving 5.0 g 
Triton X-100 (Rohm-Maas) in 100 ml of water. 

Standard solutions of metal ions. Prepared by dissolving 
appropriate weights of the metals or their sulphates or 
nitrates, and diluting to give 1.50 &ml working solutions. 

Mobile phase. A 46% v/v methanol and 36% (v/v) 
acetone mixture with 0.011 M aqueous tetrabutylammonium 
bromide solution containing 5% (v/v) pH 3.0 acetate buffer. 

General procedure 
To a 25.ml standard flask containing 1 .OO ml each of the 

1.50.pg/ml V(V), Cu(II), Zr(IV), W(H), Fe(III), Ni(I1) and 
Co(I1) working solutions, add by pipette 2.0 ml each of pH 
3.0 buffer and 0.02% 3,5-diBr-PADAP solution and mix, 
then add 0.5 ml of 5% Triton X-100 solution and dilute to 
the mark with water. Let stand at room temperature for 
I5 min. Inject 100~1 of the mixture into the HPLC system 
and measure the absorbance of the eluate (flow-rate 
1.2 ml/min) at 572 or 600 nm. 
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Table 1. The wavelengths of maximum absorption and the molar absorptivities of 
the complexes at pH 3.0, and the optimal pH range for complex formation 

In micellar phase In mobile phase 

kuX* f J=lW 
Metal pH mn 10’l.mole-‘.cm-’ nm IO%lO;~-hl-' 

V 2-5 603 600 2.8 
cu 2-5 510 ;:: 570 4.8 
Zr 14 599 13.4 596 13.5 
Pd l-6 600 5.1 600 4.4 
Fe l-5 603 1.8 599 1.6 
Ni 3-5 515 12.6 571 12.4 
co 3-5 600 9.2 599 9.3 

RESULTS AND DISCUSSION In acetate buffer at pH 3.0, V(V), Cu(II), Zr(IV), 

Formation of micellar complexes Pd(II), Fe(III), Ni(I1) and Co(I1) can fairly rapidly 

Some metal ions can form complexes with 3,5- 
form stable complexes with 3,5-diBr-PADAP, and 

diBr-PADAP in aqueous solution, but after a few 
the molar absorptivities of these complexes are 
enhanced by the presence of the recommended ehtent, 

minutes precipitates are generated. 
but generally even more so by the presence of Triton 
X-100 (Table 1, values for water solutions not 
shown). We chose 600nm as the detection wave- 
length for the V, Zr, Pd, Fe and Co complexes, and 
572 nm for the Cu and Ni complexes, and pH 3.0 as 
the optimal acidity for the simultaneous formation of 
the complexes. The enhancement will be discussed 
elsewhere. 
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Chromatograms of Me-3,5-diBr-PADAP complexes 
5 For the reversed-phase ion-pair chromatography, 

tetrabutylammonium bromide (TBA+ . Br-) was 
4 chosen as the ion-pairing reagent and incorporated in 
3 the acetate-buffered methanol-acetone-water eluent 
2 used as mobile phase. The choice of counter-ion is 
1 explained elsewhere. The seven Me-3,kliBr-PADAP 

complexes were separated successfully and eluted 
in the following order of retention times: 

[TBA+] xfo3 UVI) 

Fig. 1. Effect of TBA+ concentration on the capacity factor 
(k’) of the Me-complexes and reagent: curves for 1, V; 2, Cu; 
3, Zr; 4, Pd; 5, Fe and reagent; 6, Ni; 7, Co. Metal ions 
60.0 pg/l; column 2 x 250 mm Spherisorb 5 ODS; mobile 
phase methanol/acetone/water = 46/36/18, 1.1 x 10b2M 

TBA.Br, 5% v/v acetate buffer. 
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Fig. 2. Effect of methanol content of the capacity factors 
(k’): 1, V; 2, Cu; 3, Zr; 4, Pd; 5, Fe and reagent; 6, Ni; 7, 

Co. Other conditions as for Fig. 1. 
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Fig. 3. Effect of acetone content on the capacity factor (k’) 
of the Me-complexes and reagent: 1, V, 2, Cu; 3, Zr; 4, Pd; 
5, Fe and reagent; 6, Ni; 7, Co. Other conditions as for 

Fig. 1. 

V<Cu<Zr<Pd<Fe<Ni<Co. 
The concentration of TBA+ in the mobile phase 

was varied from 6 x 10m3 to 16 x lo-‘M. As can be 
seen from Fig. 1, the capacity factor (k’) of each 
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(A) 

I I 
5min 

Fig. 4. HPLC chromatograms of Me-3,5-diBr-PADAP 
complexes and the reagent with spectrophotometric detec- 
tion: peaks for 1, V; 2, Cu; 3, Zr; 4, Pd; 5, Fe and reagent 
(dashed line); 6, Ni; 7, Co. (a) Detection at 600mn; (b) 

detection at 572 nm. Other conditions as for Fig. 1. 

complex decreased with increasing TBA+ concen- 
tration, particularly for the cobalt complex. The 
optimum concentration of TBA+ selected was 
1.1 x lo-*M. 

The proportions of methanol and acetone in the 
eluent were varied from 44 to 50% and from 34 to 
40% respectively. The capacity factor (k’) of each 
complex decreased with increasing methanol and 
acetone content, as shown in Figs. 2 and 3, and 46% 
methanol and 36% acetone were chosen as optimal 
concentrations. 

Interferences 

Other metal ions such as Cr(III,VI), Cd(II), Hg(II), 
Zn(II), Ag(I), Mn(II), Pt(IV), Bi(III), In(II1) and 
Ga(IV), that can form complexes with 3,5-diBr- 
PADAP at pH 2-10, could not be detected on the 

chromatogram, so did not influence the determina- 
tions of the seven metal ions of interest and could be 
tolerated at levels >2.0 pg/ml. No interference was 
observed from high concentrations of the following 
ions (0.2-5 mg/ml): Al(III), MO(W), Be(II), Sc(II), 
Ca(II), Sr(I1) and Ba(I1). The reagent is always eluted 
with the iron complex under the given elution condi- 
tions, but does not affect the determination of iron at 
600 nm (Fig. 4a). On the other hand, the wavelengths 
of maximum absorption for the reagent are 465 and 
495 nm, and the second of these absorption bands is 
broad enough for the reagent to be detected simulta- 
neously with the iron complex on the chromatogram 
when the detection wavelength is set at 572 nm for the 
determination of copper and nickel (Fig. 4b), and this 
wavelength therefore cannot be used for determining 
iron. 

Calibration, reproducibility and detection limits 

The peak-height calibration graphs are linear up to 
5Opg/l. for Fe(III), 8Opg/l. for V(V), Pd(I1) and 
Co(II), and lOO@g/l. for Cu(II), Zr(IV) and Ni(I1). 
The relative standard deviations (6 determinations) 
for 3O.Opg/l. metal ion were 1.0% (V), 1.4% (Cu), 
1.3% (Zr), 1.4% (Pd), 1.6% (Fe), 0.9% (Ni) and 
0.9% (Co) and the detection limits (S/N = 3; pg/l.) 
were 1.4 (V), 3.1 (Cu), 2.5 (Zr), 3.6 (Pd), 1.7 (Fe), 1.1 
(Ni) and 2.5 (Co). 
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Snmmary-A simple non-aqueous titration method has been devised for determining the sulphates of 
quinine and quinidine. The sulphate is precipitated by addition of excess of barium perchlorate solution 
in acetic acid and the liberated alkaloid is then titrated in 1: 2 anhydrous acetic acid-dioxan mixture, with 
an acetic acid solution of perchloric acid. The end-point is determined either visually with Crystal Violet 
as indicator or potentiometrically with a glass-Ag/AgCl combination electrode. The method is accurate, 
precise and suitable for routine analysis of pure materials and tablets. 

It has been reported that the sulphates of certain 
nitrogenous bases may give an unexpected reaction 
ratio when titrated with perchloric acid in acetic 
acid medium, as a result of formation of hydrogen 
sulphate ions.’ The sulphates of quinine and 
quinidine have been determined by various non- 
aqueous titration methods. For example, a direct 
titration in acetic anhydride medium, with an acetic 
acid solution of perchloric acid as titrant and p -naph- 
tholbenzein as indicator has been used for bulk 
materials.* The BP 1980 method3 uses the same 
method but with Crystal Violet as indicator. In this 
type of titration, the consumption of perchloric acid 
is 3.0 equivalents per mole of quinine sulphate or 
quinidine sulphate. 4,5 The barium acetate method6 is 
based on precipitation of the sulphate with barium 
acetate and titration of both the liberated base and 
the excess of reagent with perchloric acid solution in 
acetic acid, but the method necessitates a blank 
titration of the barium acetate reagent. 

In the present study, advantage was taken of the 
fact that barium perchlorate is a neutral salt in many 
non-aqueous solvents and hence the sulphates of 
quinine and qunidine can be determined easily by a 
single acidimetric titration. 

Apparatus 

EXPERIMENTAL 

A Tacussel automatic titrator, Type TAT 5, equipped 
with a Tacussel TBC-12 HS combination glass-Ag/AgCl 

*To whom correspondence should be addressed. 

electrode was used. The electrode was stored in a saturated 
solution of lithium chloride in ethanol after use. A lo-ml 
semimicro-burette and a Metrohm EA 893 ruler (for 
locating end-points in potentiometric titration curves) were 
Used. 

Reagents 

All chemicals were analytical-reagent grade. The follow- 
ing solutions were prepared in anhydrous acetic acid: 0. 1M 
perchloric acid, 2% barium perchlorate, and 0.2% Crystal 
Violet. 

Quinine sulphate and quinidine sulphate were obtained 
from commercial sources and their purity was determined 
by the BP 1980 non-aqueous method. 

Procedure for bulk materials 

Transfer 140-300 mg (accurately weighed) of quinine 
sulphate or quinidine sulphate into a 100~ml Erlenmeyer 
flask and dissolve the salt in _ 10 ml of anhydrous acetic 
acid. Add slowly, with continuous stirring, 7-10 ml of 2% 
barium perchlorate solution followed by 40 ml of dioxan 
and 3 drops of Crystal Violet solution. Titrate with the 0. 1M 
perchloric acid to a pure blue colour at the end-point. 

Follow the same procedure for the potentiometric 
titration, adding the titrant at 1 ml/mm, recording the 
potential over the range from 0.0 to 500 mV. Determine 
the end-points from the recorder trace by means of the 
Metrohm ruler. The appearance of the pure blue colour of 
the indicator should coincide with the inflexion point of the 
titration curve. 

Procedure for tablets 

Weigh and pulverize 20 tablets. Transfer an accurately 
weighed amount of the powder equivalent to about 150-300 
mg of quinine sulphate or quinidine sulphate to a suitable 
titration vessel and dissolve the salt in m 10 ml of anhydrous 
acetic acid by continuous stirring (-5 min). Titrate as 
described above. 
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RESULTS AND DISCUSSION 

The sulphate content of the salt is precipitated in 
anhydrous acetic acid medium by addition of excess 
of barium perchlorate, leaving the singly protonated 
base to be titrated, e.g., 

(C, HB Nr 02)2. H, SO, + Ba(Cl0, )2 + BaSO, 

+ 2(C20HUN202.H+) + ZClO,- 

The excess of barium perchlorate is a neutral salt and 
does not interfere in the titration: 

2(C2,,Hr,N,02.H+) + 2HC104 

+ 2(CmH24NZ0rn 2H+) + 2ClOi 

According to the reaction stoichiometry, each mole 
of analyte consumes 2 moles of perchloric acid. 
Figure 1 shows potentiometric titration curves ob- 
tained for quinine sulphate in different solvents, by 
the proposed method. The addition of dioxan to 
anhydrous acetic acid greatly improves the titration 
curves (curves A and B compared with curve D). 
The visual end-point detection with Crystal Violet is 
also sharper. In acetic acid-acetic anhydride (1: I), a 
double inflection was obtained (curve C). 

Recovery data for quinine sulphate and quinidine 
sulphate, in bulk form and in tablets, by the proposed 
method and the BP 1980 method are listed in Table 1. 
The results are quantitative and reproducible. Com- 
monly used tablet excipients, fillers and diluents such 
as starch, talc and lactose, do not interfere with the 
titration. 

Statistical analysis of the results obtained by apply- 
ing the proposed and BP 1980 procedures indicated 
that the difference between the mean recoveries 

Table 1. Non-aqueous titration of sulphates of quinine and 
auinidine 

Barium 
perchlORIte BP 1980 

method method 

Drug Recovery, % Recovery, % 

Quinine sulphate 100.2 f 0.8 100.7 f 0.3 
Chininum sulfuricurn tablets? 99.1 f 0.7 98.8 f 0.8 
Synthetic tablets? 99.2 f 1.0 99.5 f 0.9 

Quinidine sulphate 99.4 f 0.5 100.7 f 0.4 
Chinidium sulfuricum tablets7 97.9 f 0.6 98.1 f 0.7 
Quinidine sulphate tablets? 96.6 f 0.4 97.2 f 0.5 
Synthetic tablets? 99.2 f 0.5 98.8 f 0.6 

*Average of at least 5 determinations f standard deviation, 
calculated on nominal content in sample. 

tNomina1 amount of drug, 200 mg. 

obtained for each compound was statistically 
insignificant and that the results obtained by the 
two methods were almost equally accurate and 
precise. 

The presence of monobasic nitrogenous base sul- 
phates, (B)2. H,S04, such as atropine sulphate and 
codeine sulphate, does not interfere with the determi- 
nation because these are completely neutralized by 
the barium perchlorate: 

(B)2. H2 SO, + Ba(Cl0, )* 

+ BaSO, + 2BH+. ClOi 

Table 2 shows the results for titration of quinine 
sulphate in the presence of different concentrations of 
atropine sulphate. The reason for the apparently 
negative bias is not known. 

The barium perchlorate method has the advantage 
of being a simple, direct non-aqueous titration 
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Fig. 1. The potentiometric titration curves of quinine sul- 
phate in different solvent mixtures using the proposed 
barium perchlorate method. A, anhydrous acetic acid- 
dioxan (1: 2); B, anhydrous acetic acid-dioxan (1: 1); C, 
acetic acid-acetic anhydride (1: 1); D, anhydrous acetic acid. 
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O.lM PERCHLORIC ACID SOLUTION, ml 

Fig. 2. The potentiometric titration of quinine sulphate and 
quinidine sulphate in anhydrous acetic acid-dioxan (1:2) 
with barium perchlorate reagent: A, quinine sulphate; 
B, quinidine sulphate, C, quinidine sulphate tablets (Quini- 

cardine). 
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Table 2. Non-aqueous titration of quinine sulphate. in the 
presence of atropine sulphate 

because no blank titration is required; the calculation 
is also simple. 

Taken, mg Quinine sulphate 
Quinine sulphate Atropine sulphate found, mg 

110.0 140.0 107.7 1. 
150.0 100.0 146.8 
200.0 100.0 197.7 2. 
309.0 200.0 296.1 

3. 
method. The method employs the reagents most 
commonly used in non-aqueous titrations, oiz. anhy- 

: 
’ 

drous acetic acid, perchloric acid and Crystal Violet. 6. 
The method is superior to the barium acetate method 
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IODOMETRIC MICROGRAM DETERMINATION OF Mn(I1) 
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AMPLIFICATION REACTION 
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Sttmmary-A rapid, simple and highly sensitive iodometric amplification method is described for the 
determination of microgram amounts of Mn(I1). The method is based on oxidation of Mn(I1) with an 
excess of periodate in acetate buffer (pH 2.&3.0), masking of the unreacted periodate with molybdate, 
and after addition of iodide, titration of the liberated iodine is with thiosulphate. The proposed method 
offers 20-fold amplification for Mn(I1) and was found suitable for the determination of Mn(I1) in the 
presence of permanganate ions. Mn(I1) in tap water and an industrial waste water has been successfully 
determined by the proposed method. 

Amplification reactions have been defined* as reac- 
tions in which the normal equivalence is altered in 
some way so that a more favourable measurement 
can be made. Iodometric amplification reactions have 
been extensively applied.2-g 

The application of suitable iodometric amplifi- 
cation methods to the determination of trace 
amounts of Mn(I1) and/or permanganate in aqueous 
solution was the aim of the present work. 

EXPERIMENTAL 

Reagents 
Unless otherwise specified all reagents were of analytical- 

reagent grade. 
Ammonium molybairte solution. Ten g of ammonium 

heptamolybdate tetrahydrate per 100 ml, freshly prepared. 
B&r solution, pH 28-3.0. Dilute 150 ml of glacial acetic 

acid to 500 ml with 0.194 sodium acetate. 
Potassium periodate solution. Dissolve 1.75 g of the recrys- 

tallized solid reagent in 500 ml of distilled water containing 
3 ml of saturated disodium tetraborate solution. 

Sodium thiosulphate solution, O.ooSM. Standardized 
against potassium iodate solution. 

Saturated sodium sulphite solution. 
Manganese sulphate solution, Mn I mgjml. Prepare from 

any convenient hydrate, acidify with two drops of concen- 
trated sulphuric acid to prevent hydrolysis, and standardize 
by any convenient method. Dilute further as required. 

Potassium permanganate solution, Mn 1 mglml. Stand- 
ardize against arsenious oxidelo or by any other reliable 
method. 

Procedure 
Determination of manganese(D). Transfer a known 

volume of Mn(I1) solution containing l-150 Pg of 
manganese to a 100~ml conical flask, add 1.5-2.0 ml of 
acetate buffer and 5 ml of periodate solution, and let 
stand for I5 min at room temperature. Tben add 2 ml 
of ammonium molybdate solution to mask the unmatted 
periodate. Add 20-50 mg of potassium iodide and titrate 
the liberated iodine with sodium thiosulphate (starch as 
indicator). 

Determination ofpermanganate. Transfer a known volume 
of permanganate solution containing up to 100 j4g of 
manganese to a 100~ml conical Aask, and add 0.5 ml of 
saturated sodium sulphite solution followed by 1 ml 
of concentrated nitric acid. Evaporate the solution to dry- 
ness, dissolve the white residue in about 5 ml of water and 
determine the manganese as above. 

Determination of manganese@) in the presence of perman - 
ganate. Transfer a known volume of the mixture to a 1004 
conical flask, and add 1.5-2.0 ml of acetate buffer followed 
by a few crystals of potassium iodide. Titrate the liberated 
iodine with sodium thiosulphate (A ml). Analyse an qua1 
volume of the mixture as described for the determination of 
Mn(I1) (B ml). 

The volume A of thiosulphate solution is equivalent to the 
permanganate present. The volume B is equivalent to the 
sum of the Mn(I1) and the permanganate, and the net 
volume equivalent to Mn(I1) is (B -A). 

RESULTS AND DISCUSSIONS 

Potassium periodate in acid medium oxidizes 
Mn(II) to permanganate.‘“14 

2Mn*+ + 510; + 3H,O 

= 2MnO; + 510; + 6H+ (1) 

The degree of oxidation of Mn(I1) is reported1L-‘4 
to depend on the presence of a mineral acid (nitric, 
sulphuric or phosphoric), which it is suggested pre- 
vents the precipitation of manganese periodate or 
oxide. Hamaya and Townshend” reported it neces- 
sary to heat Mn(I1) with periodate in a boiling 
water-bath for 30 min for the oxidation to be. com- 
plete. Gawargious et al.ls claimed that the addition of 
a small amount of sodium oxalate reduces the oxi- 
dation time. In the present work complete oxidation 
ofsmall amounts (l- 150 I( g) of Mn(II) with periodate 
was achieved at room temperature in acetate buffer 
@H 2.8-3.0). The proposed method is based on 
this oxidation followed by masking the unreacted 
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periodate with molybdate, and determination of 
the iodate and permanganate thus produced. This 
is done by adding potassium iodide and titrating 
the liberated iodine with sodium thiosulphate. 
Molybdate does not interact with the permanganate 
produced from the manganese(I1) range recom- 
mended, but recoveries are slightly low when the 
amount of Mn(I1) is higher than 150 pg. This appears 
to be due to interaction between larger amounts of 
permanganate and the molybdate added in excess. 
This was examined by adding molybdate to a solution 
of permanganate equivalent to 250 pg of manganese, 
and monitoring the permanganate concentration 
photometrically. The absorbance was lowered by the 
presence of molybdate. However, this does not mat- 
ter if the amount of manganese in the test sample is 
restricted to 150 pg or less. 

The final reaction is the determination of the iodate 
and permanganate: 

IO; + SI- + 6H+ --) 31, + 3H,O 

2MnOi + lOI- + 16H+ + 51, + 2Mn*+ + 8H,O 

Hence one Mn(I1) ion will give rise to 10 
molecules of iodine, and 1 ml of 0.00% thiosulphate 
is equivalent to 13.73 pg of Mn. The procedure 
gives good results for 5-150 pg of manganese 
(Table l), and can be extended down to 1 pg if 
a larger uncertainty can be accepted. The blank 
values are quite reasonable (0.1-0.15 ml of 0.005M 
thiosulphate). 

The method has been applied to the determi- 
nation of Mn(I1) in tap water and an industrial 
waste water. In analysis of 50 ml of the tap water 
the volume of thisulphate solution consumed was 
equivalent to that of the blank, indicating the absence 
of Mn(I1) ions. When various amounts of Mn(I1) 
(10-50 pg) were added to the test samples, highly 
reproducible results for the added Mn(I1) were ob- 
tained, and when a lo-ml sample of an industrial 
waste water from an iron metallurgical project was 
examined, the 0.35 pg/ml Mn(I1) content was easily 
determined and was in good agreement with the 
results obtained by standard methods. Fluoride was 
added to eliminate any interference due to the 

Table 1. Determination of various 
amounts of Mn(I1) in aqueous 

media 

Mn(I1) 
taken, Mn(I1) found,* 

Pg Irg 

150 149.0 f 0.4 
100 100.7 f 0.2 
50 50.5 f 0.2 
20 20.5 f 0.2 
10 10.14 f 0.05 
5 5.04 f 0.01 

*Average standard deviation (10 
determinations). 

Table 2. Determination of Mn(I1) ion in 
the presence of KMnO,, mean f standard 

deviation of 5 replicates 

Mn*+, Irg MnOi, pg 
Taken Found Taken Found 

5 5.01 f 0.03 43.1 42.4 f 0.4 
10 10.00 f 0.0 43.1 42.4 f 0.4 
20 19.6 f 0.2 43.1 42.1 f 0.6 
50 49.6 + 0.2 43.1 43.0 f 0.2 

100 99.5 f 0.3 43.1 43.9 f 0.2 

presence of Fe(II1). Analysis for standard additions 
of Mn(I1) gave precise and accurate results. 

Permanganate can readily be determined iodo- 
metrically. ‘O The sensitivity of the method can be 
increased considerably by reduction of the perman- 
ganate to Mn(II), followed by determination of this 
by the method described above. A variety of reducing 
agents have been examined for this purpose, and 
sodium sulphite has been found to be the most 
suitable in acid medium. 

Selection of the most suitable acid (nitric, sulphuric 
or perchloric) for eliminating the excess of sulphite 
and destroying any manganese sulphite complexes” 
formed, was a matter of several trials. With sulphuric 
or perchloric acid the re-oxidation to perman- 
ganate with periodate is very slow, especially with 
larger amounts (- 100 pg) of manganese. Use of 
a mixture of nitric and perchloric acids leads to 
intermediate higher oxidation states of manganese, 
e.g., MnO,, which are not amenable to complete 
oxidation to permanganate, thus leading to low 
results. 

Nitric acid is the most suitable mineral acid for the 
purpose, manganese-sulphite complexes and excess 
of sulphite being readily eliminated by evaporation 
of the nitric acid solution. Satisfactory results are 
obtained for up to 100 pg of manganese. 

The proposed method can also easily be employed 
for the determination of Mn(I1) in the presence of 
permanganate. An aliquot of the mixture is first 
allowed to react with iodide in acid medium and 
the iodine released, which is equivalent to the per- 
manganate present, is titrated with a standard 
thiosulphate solution. Another aliquot is then 
treated with periodate, by the procedure described for 
the determination of Mn(I1). The difference between 
the volumes of thiosulphate consumed is equivalent 
to the Mn(I1). The results presented in Table 2 
show the suitability of the proposed method for 
the determination of Mn(I1) in the presence of 
permanganate. 
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Summary-Differential pulse polarographic methods for the determination of selenium(IV) and tel- 
lurium(IV) in nitric acid medium are described. The peak current is maximal when 0.2% nitric acid 
medium is used, the DPP peaks for Se(W) and Te(IV) being at -0.54 and -0.8 V vs. Ag/AgCl 
respectively. The peak current is a linear function of selenium concentration over three ranges, 
5.1 x lo-*-l.3 x 10v5, 1.27 x 10-r-1.27 x lo-’ and 1.27 x lo-‘-7.60 x lo-‘M Se(W), with different 
slopes. The plot for Te(IV) is linear over the range 0.78 x 10-6-9.40 x IO-‘&f. 

The importance of selenium in soils, plants and 
biological systems has led to the development of 
various analytical methods’” for its determination 
at low concentrations. The present work uses differ- 
ential pulse polarography (DPP) for the determina- 
tion of selenium(IV) and tellurium(IV). 

Selenium(IV) gives up to three polarographic 
waves, depending on the pH of the solution. Tel- 
lurium(W) behaves similarly. Christian et ~1.~ studied 
the polarographic behaviour of Se(IV) in various 
sup~rting electrolytes and reported two polaro- 
graphic waves in O.lM hydrochloric acid medium 
at -0.01 and -0.54 V vs. SCE, corresponding 
to the reactions Se(W) f 4e - + Hg + HgSe and 
HgSe + 2H+ + 2e- +H,Se + Hg respectively. Both 
reactions are diffusion-controlled but only the latter 
is reversible. They also reported that in nitric acid or 
potassium nitrate medium the diffusion current due 
to Se(IV) was 60% higher than in other electrolytes 
studied. Hence, in the present work, nitric acid has 
been employed as supporting electrolyte. 

As selenium and tellurium are often found to- 
gether, a DPP method for telhuium has also been 
developed and a procedure for the determination of 
selenium and tellurium in presence of each other is 
described. 

EXPERIMENTAL 

Apparatus 
The DP polarograms were recorded with a Princeton 

Applied Research Model 174A Polarographlc Analyzer, 
coupled with a Static Mercury Drop Electrode (SMDE) 
Model 303, used in the DME mode, and a Houston 
Omnigraphic X-Y recorder. The reference electrode was 
Ag/AgCl (satd. KCl). 

Reagents 
The nitrogen used for purging oxygen from solutions was 

*Author for correspondence. 

deoxygenated by passage through alkaline pyrogallol and 
acidic v~di~~1) chloride solutions. 

The chemicals used were of analytical-reagent grade. 
Triply distilled water and nitric acid were used. 

%ck solutions of selenium(IV) and telltium(IV) were 
prepared from pure selenium’ and potassium tellurite re- 
spectively, standardized by known methods, and freshly 
diluted further as required. 

Ten ml of solution containing the required co~~tio~ 
of selenium0. tellurhnn0 and nitric acid were placed 

in the polarographic cell‘anh purged with nitrog& for 
4 mm, which was found to be adequate. A quiescent 
period of 1 mitt was allowed, and then the DP polaro- 
gram was recorded. Various experimental and instrumental 
parameters were optimized by-studying their e&s% on the 
DPP peak shape and current for 63.3 x 10W5M Se(IV)j 
39.2 x 10s6M Te(IV) when varied one at a time. 

Interference due to diverse cations and anions was studied 
bv recording the DP nolaronrams for 63.3 x IO-sM SefIV) 
or 3.92 x l&6M Te(&) in 625M nitric acid in presence of 
a known concentration of the required ion. 

For determination of selenimn in wheat samples, a known 
weight of sample was treated with nitric acid/pemhlorlc acid 
mixture,s and after removal of most of the acid, the solution 
was used for DPP determination of the selenium by the 
standard-addition method. 

Se(N) and Te(IV) were determined in presence of each 
other by the standard-addition method. 

RESULTS AND DISCUSSION 

The peak potentials of Se(IV) and Te(IV) were 
found to be independent of the concentration of the 
nitric acid supporting electrolyte, the scan-rate and 
the pulse amplitude, but the peak height and/or shape 
Were affected by changes in these parameters. 

Table 1 shows that the peak currents for selenium 
and tellurium are maximal when -0.25M nitric acid 
is employed as supporting electrolyte. 

The peak current for Se(IV) increased with the 
increase in pulse amplitude, to a m~mum at a pulse 
amplitude of 100 mV, which was therefore chosen for 
subsequent work. The DPP peak current for Te(IV) 
also increased with pulse amplitude, but the shape of 
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Table 1. Effect of different concentrations of supporting 
electrolyte 

Peak current for Peak current for 
v-y31, 63.3/&f Se(W), 39.2pM Te(IV), 

PA !JA 

2.0 10.8 - 
1.0 16.3 638 
0.5 17.9 748 
0.25 21.7 882 

::;5 
20.1 606 
19.9 - 

the peak was also affected, and a pulse amplitude 
of 25 mV was selected to obtain symmetrical peak for 
Te(IV). 

The peak currents were found to be higher at lower 
scan-rates, but compromise rates of 5 and 2 mV/sec 
were selected for Se(IV) and Te(IV) respectively, 
because decreasing the scan-rate would lengthen the 
analysis time. 

The parameters chosen are as follows. 

Se(Iv) Te(IV) 

Concentration of supporting 
electrolyte (HNO,), M 0.25 0.25 

174A Polarographic Analyzer 
Initial potential, V -0.3 -0.6 
Scan-rate, m V/set 5 2 
Scan direction negative negative 
Scan-range, V 3 3 
Modulation amplitude, mV 100 25 
output offset Off Off 

Display direction positive positive 
Low-pass filter, set Off 0.3 
Model 303 SMDE 
Mode DME DME 
Drop size Small Small 
Purge time, min 4 4 

X-Y Recorder: 
X-axis Y-axis X-axis Y-axis 

Attenuator, V 0.1 1 0.1 0.1 

A plot of DPP peak current us. Se(IV) concen- 
tration was linear and reproducible in the ranges 
5.1 x 10+1.3 x IO-‘M, 1.27 x lo-‘-1.27 x 10-4M 
and 1.27 x 10m4-7.60 x 10m4A4, though with different 

Table 2. Tolerance limits of various interfering ions 

Tolerance limit, mM 

Ion 

Na(I) 
Ni(I1) 
Bi(II1) 
Mn(I1) 
Cr(II1) 
Al(II1) 
Co(I1) 
Zn(I1) 
Pb(II) 
Cu(I1) 
ClO,- 
Cl- 
SOi- 

63.3yM Se(IV) 3.92pM Te(IV) 

130 44 
5.1 85 
1.4 0.5 
5.5 18.2 
3.9 0.2 
4.5 1.9 
1.0 5.1 
0.3 0.38 
- 0.48 
- 0.08 

100 100 
140 280 

7.3 5.2 

slopes, in the ratio 0.791: 1.088: 1.097. Se(IV) can 
therefore be determined by the calibration graph 
method, or by the standard-addition method if all 
the points fall in the same linear response range. 
A plot of the peak current vs. Te(IV) concentration 
was linear over the range 0.78 x 10-6-9.40 x 10-5M. 
The detection limits for Se(IV) and Te(IV) were. 
1.27 x 10e6 and 2.34 x lo-‘M respectively. The pre- 
cision and accuracy were determined by analysing 
10 test solutions, containing 63.3 x 10e6M Se(N) 
or 7.84 x 10m6M Te(IV), by the standard-addition 
method. The means and 95% confidence limits 
were 63.4 f 0.9 x 10m6M Se(IV) and 7.82 + 0.10 x 
10m6M Te(IV). 

The interference studies (Table 2) showed that 
there was good tolerance for most of the ions tested. 
The criterion for interference was an error greater 
than +2%. However, lead(I1) and arsenic(II1) inter- 
fered at all concentrations in the determination of 
selenium and tellurium respectively, and cadmium(I1) 
interfered at all concentrations in determination of 
both. In the presence of 2&26mM potassium nitrate, 
chloride or sulphate, a constant 10% decrease in the 
height of the Se(IV) peak was observed. When the 
concentration of Cu(I1) was increased from 0.016 to 
0.157mA4, the DPP peak of 63.3 x 10e6M Se(IV) at 
-0.54 V gradually decreased in height but simul- 
taneously a new peak appeared at -0.59 V and its 
peak height increased with concentration of Cu(I1); 
at 0.157mM Cu(II), the DPP peak due to Se(IV) 
at -0.54 V completely disappeared. Christian et 
aL9 have reported somewhat similar behaviour of 
copper(I1) and attributed the shift in peak potential 
to the formation of copper selenide. Ebhardt and 
Urnland” have reported simultaneous determination 
of selenium and tellurium in the presence of copper 
by cathodic stripping voltammetry. When the con- 
centration of Cu(I1) in the present study was in- 
creased to 0.629mM, the new peak began to split, but 
this effect could be eliminated by the addition of 
EDTA. When As(II1) was present along with Se(IV), 
an additional peak was observed at -0.3 V; its height 
was independent of Se(IV) concentration but depen- 
dent on the As(II1) concentration. The peak 
heights for Se(IV) at -0.54 V and As(II1) at -0.74 
V slightly increased when both were present in equal 
concentration. 

Table 3 shows the results obtained for 

Table 3. Detetination of selenium in wheat samples 

Se(IV) found, pM 

Sample DPP method Other method 

1 8.4, * 

2 10.3, 1:::+ 
3 6.q 6.5,t 
4 4.9, 5.06t 

5 7.8, 7.7,t 

*Neutron-activation analysis.” 
tSpcctrophotometric analysis.‘* 
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Table 4. Determination of Se(JV) and Te(IV) in presence of 
each other 

63.3 7.84 63.0 39.2 12.66 40.2 
63.3 39.2 62.1 39.2 63.3 38.6 
63.3 78.4 65.4 39.2 126.7 40.3 

determination of selenium in wheat samples by the 
present method and by two other methods; the results 
were in good agreement. 

As selenium and tellurium are often found to- 
gether, synthetic samples were analysed for both 
(Table 4). 

:: 

:: 

5. 

6. 

7. 

i : 

10. 

11. 

12. 

REFERENCES 

0. J. Kronborg and E. Steinnes, Analyst, 1975,100,835. 
P. N. Vijan and G. R. Wood, Taluntu, 1976, 22, 1. 
G. P. Bound and S. Forbes, Analyst, 1978, lOS, 176. 
G. Schwedt and A. Schwarz, J. Chomotog., 1978,160, 
309. 
M. Verlinden, H. Deelstra and E. Andriaessens, 
Takmtu, 1981, 28, 637. 
G. D. Christian, E. C. Knoblock and W. C. Purdy, 
Anal. Chem., 1963, 35, 1128. 
L. M. Dennisand J. P. Keller, J. Am. Chem. Sot.. 1919, 
41, 949. 
0. E. Olson, J. Assoc. Ofi Anal. Chem., 1969.52, 627. 
0. D. Christian. J. BulEe and W. Haerdi, J. Electroad 
Chem., 1980, 109, 187. 
K. B. Ebbardt and F. Umland, 2. And. Chem., 1982. 
310,406. 
S. J. Manwati, A. D. Sawant and B. C. Haldar, Proc. 
Intern. Symp. Art. Radioact., Pune, India, 1985. 
L. K. Chcng, Anal. Gem., 1956, 28, 1738. 



Talmta, Vol. 36, No. 7, pp. 789-791, 1989 0039-9140/89 $3.00 + 0.00 
Printed in Great Britain Perpmon Press plc 

VOLTAMMETRIC BEHAVIOUR OF THE 
CHROMIUM(III~S-SULPHOSALICYLATE COMPLEX 

I. DRELA, J. SZYNKARCZUIC* and J. KUBICICI 

Institute of Inorganic Technology and Mineral Fertilizers, Technical University of Wroclaw, Wybrzeie 
Wyspianskiego 21, SO-370 Wrociaw, Poland 

(Received 2 March 1988. Revised 23 November 1988. Accepted 16 January 1989) 

Summary-Voltammetric studies have been made of solutions containing the chromium(III~S-sulpho- 
salicylate complex (CrL) in the presence of 5-sulphosalicylic acid and 0.5M sodium perchlorate. The 
electrochemical behaviour of the chromium complex indicates that an adsorption-electroreduction process 
predominates at higher concentrations of CrL, which is important from a practical point of view. 

Chromium(II1) complexes have been investigated by 
electrochemical methods by various workers.‘” In 
our laboratory we are concerned with electro-depo- 
sition of metallic chromium from chromium(II1) 
electrolytes, and the problems associated with the 
presence of complexants. The plating will be facili- 
tated if the chromium reduction is fast and hydrogen 
evolution slow. It has been found that many sulphur- 
containing species, especially those with S-C or 
Ss bonds, accelerate the reduction of tervalent 
chromium.’ It is known that sulphur-containing com- 
plexants are adsorbed on the mercury electrode* 
because of the strong chemical interaction between 
the positively charged mercury and the sulphur 
atoms. 

The aim of the present work was to investigate the 
influence of S-sulphosalicylic acid on the first reduc- 
tion step, i.e., Cr(III)L + e- + Cr(II)L- which pre- 
cedes the deposition of chromium. 

EXPERIMENTAL 

Apparatus 

A potential-generator (type P-G-301 1, ASP, Poland) and 
an X,Y recorder (KP 6801 A, KABiD-Press, Poland) were 
used. The absorbance was measured with an ELMED 
(Poland) KF-5 instrument and the pH of solutions with an 
ELWRO (Poland) pH-meter (type N517). 

Reagents 

Chromium(II1) perchlorate was prepared by reduction of 
chromium trioxide in perchloric acid with hydrogen per- 
oxide (30%).9 The excess of peroxide was destroyed by 
heating. 

All compounds used were of analytical grade (POCh, 
Gliwice, Poland). 

Procedure 

Solutions containing chromium(II1) perchlorate 
(5 x 10-‘-l x lo-*M) and 5-sulohosalicvlic acid (H-L. 
6 x lo-‘-l.5 x IO-‘M) and sodium perchiorate were‘ k;pt 
at ambient temperature (20 f 2”), and complex formation 
was monitored by pH-measurement.i” Under these con- 

*Author for correspondence. 

ditions a 1: 1 complex (CrL) was formed,” but very slowly, 
equilibrium being reached in 2-3 months, depending on 
concentration. The pH of those solutions was adjusted to 
the required value with sodium hydroxide and perchloric 
acid. 

The chromium concentration was determined spectro- 
photometrically by oxidation of Cr(II1) to Cr(VI) with 
ammonium persulphate in the presence of a trace amount 
of silver nitrate as catalyst,‘O and measurement of the 
absorbance at 400 nm. 

Voltammetric experiments were performed with a conven- 
tional three-compartment cell.‘* A hanging mercury drop 
electrode (hmde) of Kemula and Kublik type” was em- 
ployed. The electrode area was 0.04 cm*. A bright platinum 
counter&electrode (1.5 cm* area) was used. The potentials 
quoted are referred to the potential of an Ag/AgCl elec- 
trode. Dissolved oxygen was removed from the solution by 
passage of purified argon for at least 10 min before each 
experiment. 

RESULTS AND DISCUSSION 

Literature data concerning S-sulphosalicylic acid 
and its complexes with Cr(II1) and Cr(I1) in perchlor- 
ate medium are presented in Table 1. 

The voltammetric behaviour of the chromium- 
(III)-S-sulphosalicylate complex in OSM sodium 
perchlorate as supporting electrolyte is shown in 
Fig. 1. 

The pH was kept in the range 4.4-5.4, where only 
one form of 5-sulphosalicylic acid (HL’-) is present 
in solution. Voltammetric curves (Fig. 2) were 
recorded in order to study the first reduction step. 
For solutions at concentrations below about 4mM 
there was no current peak, but a polarographic wave 
was observed. With increase in sweep-rate the peak 
potential or polarographic half-wave potential be- 
comes more negative. Cyclic voltammetry of CrL on 
the hmde shows that there are no anodic peaks 
corresponding to the cathodic ones in the range from 
- 1.0 to - 1.8 V, indicating that reduction of the 
complex is a totally irreversible electrode reaction. 

The voltammetric studies showed that the peak 
current is proportional to the square root of the 
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Table 1. Dissociation constants of 5sulphosalicylic 
acid and the logarithmic stability constants of the 
chromium(D) and chromium(II1) S-sulphosalicylate 

complexes 

Ligand pK” Complex log /I (reference) 

H,L - Cr(II)L- 7.14(14); 9.89 (15) 
H,L- 2.6 Cr(II)L:- 12.88 (14) 
HL2- 11.6 Cr(III)L 9.56 (16) 

I 
0.9 1.0 1.1 1.2 1.3 1.4 

-E,V(Ag,AgCl) 

Fig. 2. Voltammetric curves recorded in 0.W NaClO, 
solution with addition of chromium(III)-S-sulphosalicylate 
complex: 1, 1mM; 2, 6mM; 3, 1OmM. Sweep rate 0.1 V/set. 

I I I 
-1.0 -1.5 -2.0 

E (VI 
Ep = Q2 - b[0.52 - 0.5 log@ /D) 

Fig. 1. Voltamperogram recorded in 0.5M NaClO, solution - log k, + 0.5 log u] (3) 
with chromium(III~5-sulphosalicylate complex, [Cr]+) = 
6mM, [Llv3 = 7mM. Sweep rate 0.1 V/set, pH =4.0. b = 2.303 RT/(naF) (4) 
reduction steps: 1, Cr(III)L + Cr(II)L-; 2, sulphosalicylic 
acid; 3 and 4, diffusion and adsorption discharge where ip = peak current, c = concentration, u = 

Cr(II)L- + Cr. sweep rate, n = number of electrons in the reduction, 
A = electrode area, k, = standard rate constant, 
b = Tafel coefficient, D = diffusion coefficient. 

sweep-rate (u) for the more dilute solutions of the To examine the second reduction step (labelled 2 in 
complex, indicating a diffusion-controlled reduction. Fig. 1) a series of voltammetric curves obtained at 
At concentrations above 6mM, however, there is various pH values was recorded. The peak current 
some weak adsorption and the peak current is pro- was strongly dependent on the pH and was not 
portional to uO.~. proportional to the square root of the sweep-rate, but 

Some kinetic parameters were calculated. The proportional to uO,~, indicating a kinetically limited 

transfer coefficient a was determined for different process. The reduction of a weak acid (in this case 
concentrations of chromium complex, from equation HL2-, which predominates in the solution) takes 
(l), and its mean value is given in Table 2. place by consecutive chemical and electrochemical 

steps,‘8*‘9 so the following mechanism is assumed. 

na = 1.857 RT/[F(E,,-E,,,)] (1) HL2-eH+ + L’- chemical step 

The equations for peak current, peak potential H + + e - -+ iH, electrochemical step 

and the sweep rate can be used to calculate the 
kinetic parameters of the reduction process 

The two peaks at potentials of cu. - 1.72 and 

Cr(III)L + e- + Cr(II)L-.12*17 The results thus ob- 
- 1.81 V (Fig. 1) are associated with reduction of the 

tained are presented in Table 2. 
chromium (II) complex. The one labelled 4 seems to 
be a post-peak, for reduction of Cr(II)L- in the 

ip = 3.01 
adsorbed state; its height sharply increases with scan- 

x lO’nA(2.303 RT/bF')"2D"2cu'/2 (2) rate. Peak 3 represents a diffusion-controlled process. 

Table 2. Kinetic parameters of the reduction of chromium(III)-5-sulphosalicylate to the 
chromium(IIE5-sulphosalicylate complex in 0.5M NaClO, solution; the parameters 
determined by us are compared with those reported’ for chromium perchlorate 

[uncomplexed Cr(II1) salt] 

D, k 
Reduction na cm /see 2 cm&c+ d(log i)/d(log c)t Reference 

CrL + e- = CrL- 0.40 3.0 x 10-h 1.1 x 10-3 1.3 This work 
Cr3++e-=Crs+ 0.55 5.6 x lO-6 3.1 x lO-3 - 1 

*Calculated for EP,2. 
TReaction order calculated for E = - 1.33V. 
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INDIRECT DETERMINATION OF PHOSPHATE 
WITH CHLORANILIC ACID 

M. A. MALLEA, S. QUINTAR DE GUZMAN and V. A. CORTINEZ 

Departamento de Quimica Analitica, Facultad de Quimica, Bioquimica y Farmacia, Universidad 
National de San Luis, 5700~San Luis, Argentina 

(Received 10 September 1987. Revised 23 July 1988. Accepted 7 December 1988) 

Summary-An indirect titrimetric method for determination of phosphate is based on precipitation with 
excess of bismuth, and titration of the surplus with chloranilic acid, the end-point being determined 
biamperometrically. 

Most titrimetric determinations of phosphate are 
based on formation of sparingly soluble salts of its 
heteropoly acids, such as ammonium or quinolinium 
phosphomolybdate.’ Recently, a potentiometric 
method has been described for indirect determination 
of phosphate by use of a fluoride-selective elec- 
trode,’ and a determination of phosphate by pulse 
polarography has also been reported.3 

Back-titration in which ammonium phosphate is 
dissolved in standard sodium hydroxide, the excess of 
which is then titrated with standard acid is a routine 
procedure to determine phosphate in fertilizers.4 
Nevertheless, it has several disadvantages such as the 
need for strict temperature control during digestion, 
to reach the correct stoichiometric ratio. The precipi- 
tate also has to be thoroughly washed to remove all 
free acid. 

Phosphate has been titrated with uranyl acetate, 
with amperometric end-point detection by using the 
DMEsS” Bismuth phosphate is very insoluble 
(&, = 10-23)7 and has been used for gravimetric 
determination of phosphate. Phosphate has also been 
titrated with bismuth nitrate with biamperometric 
end-point detection.8 

In aqueous media of high acidity (cu. l&W) bis- 
muth(II1) reacts with chloranilic acid to form a 
sparingly soluble complex. This reaction has been 
used in our laboratory in the biamperometric ti- 
tration of bismuth.9 This paper describes the applica- 
tion of this method to the indirect determination of 
phosphate. 

EXPERIMENTAL 

A stabilized voltage source with a digital voltmeter and 
microammeter was used. Other details were described in a 
previous papcre9 

All the reagents used were p.a. Doubly distilled water was 
used throughout. Except where noted, all titrations were 
done with 1 .OO V potential difference between the platinum 
electrodes. 

RESULTS AND DISCUSSION 

Direct displacement, inverse displacement and 
back-titration methods were examined. Only the last 
gave satisfactory results. The procedure was to pre- 
cipitate phosphate with a known and excessive vol- 
ume of standard bismuth nitrate solution according 
to Silverman and Shideler.‘O The precipitate was 
filtered off on a paper of close texture and washed 
with 0.3M nitric acid. The pH of the filtrate and 

16’ chtoranillc acid , ml 

Fig. 1. Typical titration graph. 
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Table 1. Determination of 
@host&ate _ * 

Takon, mg Fimnd.’ w 

7.46 7.41 
74.6 14.3 

‘Mean of 15 repllcate& stall- 
dard deviation co.01 mg. 

Table 2. Analysis of fertilizers 

Cbloranilic acid Alkalimetric 
method method 

Fe* P&+ % n P,O,,’ % n 

Solid 17.16f0.26 17 17.13 f 0.26 6 
Liquid 8.43 p 0.03 f 8.43 * 0.03 5 

*Mean f standard deviation of II replicates. 

washings was adjusted to 1.6 with 0.3M nitric acid 
and then the excess of bismuth was titrated with 
standard chloranilic acid, with biamperometric 
end-point detection. The amperometric end-points 
was well defined, Fig. 1. Some results are shown in 
Table 1. 

For fertilizers the procedure is to dissolve 1.2-2.0 
g of sample in 25 ml of distilled water and 10 ml of 
concentrated nitric acid, evaporate almost to dryness, 
add 90 ml of hot 0.3M nitric acid and 20 ml of hot 
2M barium nitrate (to eliminate sulphate), boil for 15 
min, filter off the barium sulphate on a paper of close 
texture, and wash it with 0.344 nitric acid. The filtrate 
and washings are diluted with 0.3M nitric acid to 
vohnne in a 2004 standard flask, then a 204 
aliquot is adjusted to pH 0.6 with 0.3M nitric acid, 
and titrated as above. 

fnrerferences 

The effect of sulphate, calcium and chloride was 
tested and the molar ratios to phosphate that could 
be tolerated were 12, 10 and 160 ~s~vely. 

Application 

The method has been applied to the &~~~tion 
of phosphate in solid and lipid commercial fertil- 
izcrs. For the former a fertilixer of NPK M-15-15 
type” was chosen. The results were compared with 
those of an a&a&metric method, for solid and liquid 
fertilizer samples (NPK 15-15-15 and 9-9-9)“ and are 
shown in Table 2. Good agreement between the two 
methods, for both types of fertilizers, is apparent. 
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OF VANADIUM(V)- 
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Summary-The extraction of vanadium(VtN-p-octyloxybenzoyl-N-phenylhydroxylamine (OBPHA) 
complexes from sulphuric acid containing chloride, fluoride or thiocyanate is described. The purple, red 
and reddish blue complexes extracted, containing chloride, fluoride or thiocyanate, have molar absorp- 
tivities of 6.1 x lo’, 5.08 x 10’ and 7.9 x lo3 I.mole-‘.cm-i with maximum absorption at 540, 490 and 
570 nm, respectively. A spectrophotometric determination of vanadium(V) has been based on these results. 
The composition of the extracted complexes is estimated as V(V):OBPHA:X- = 1: 2: 1 (X- = Cl-, F- 
and SCN-). 

It is well known that N-benzoyl-N-phenylhydroxyl- 
amine (BPHA) and its analogues are excellent 
reagents for the determination and detection of va- 
nadium(V). Numerous methods have been reported 
for the spectrophotometric determination of va- 
nadium(V) with BPHA and its analogues.’ Many of 
these methods are based on the formation of a purple 
complex extracted into an organic phase (such as 
chloroform, benzene, carbon tetrachloride) from 
hydrochloric acid medium. However, the molar ab- 
sorptivity, even for the N-cinnamoyl-N-phenyl- 
hydroxylamine complex, which has the highest 
sensitivity, is only 6.3 x 10’ 1. mole-’ .cm-‘.2 There- 
fore the development of a more sensitive reagent for 
the purpose is desirable. Also, it has been pointed 
out3” that the extraction is not quantitative, because 
of the partial reduction of vanadium(V) in relatively 
concentrated hydrochloric acid media, which causes 
a negative error in the determination of vanadium(V). 
Donaldson5 has extracted the red vanadium(V)- 
BPHA complex, which has a molar absorptivity of 
4.28 x 10” l.mole-’ .cm-’ at 475 nm, from sulphuric 
acid-hydrofluoric acid medium instead of hydro- 
chloric acid, and applied it for the extraction- 
spectrophotometric determination of vanadium(V). 

In the course of studies of analytical applications 
of BPHA derivatives, it was found that vanadium(V) 
reacts with N-p-octyloxybenzoyl-N-phenylhydroxyl- 
amine (OBPHA or HL) in sulphuric acid in 
the presence of chloride, fluoride or thiocyanate 
to form purple, red or reddish blue complexes 
which have molar absorptivities of 6.1 x lo’, 
5.08 x lo3 and 7.9 x lo3 l.mole-‘.cm-’ at 540, 490 

*To whom correspondence should be addressed. 

and 570 nm respectively, when extracted into chloro- 
form. Based on this colour reaction, a spectro- 
photometric determination of vanadium(V) has been 
developed. 

EXPERIMENTAL 

Reagents 

Standard vanadium(V) solution, 3.75 x 10e2 M. prepared 
by dissolving 1.0967 g of ammonium metavanadate in 5.0 ml 
of sulphuric acid (50 g/100 ml) and diluting to 250 ml with 
water. 

N-p-Octyloxybenzoyl-N-phenylhydroxylamine solution, 
0.1% in chloroform. N-p-Dctyloxybenzoyl-N-phenylhy- 
droxylamine was prepared from p-octyloxybenzoyl chloride 
and phenylhydroxylamine according to a previously out- 
lined procedure.” The OBPHA concentration in all exper- 
iments was that given in the procedure, except for studies of 
the composition of the complexes. 

Ammonium persulphate, 1% solution. 
Ammonium thiocyanate solution, 0.01 M. 
Sulphuric acid, 5M. 
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. 

Procedure 
Transfer a volume of solution containing up to 46 pg of 

vanadium(V) into a separating funnel, and add 20 ml of 5h4 
sulphuric acid to give a final acid concentration of 2M. Then 
add 2 ml of 1% ammonium persulphate solution, dilute to 
about 45 ml with water, and add 10 ml of 0.1% OBPHA in 
chloroform and 5 ml of O.OlM ammonium thiocyanate 
solution. Immediately shake for 6 min, and allow the phases 
to separate. Dry the organic layer with anhydrous sodium 
sulphate and measure the absorbance at 570 nm against 
chloroform in a IO-mm cell. 
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500 600 

Wavelength, nm 

Fig. 1. Absorption spectra of vanadium(V)-OBPHA com- 
plexes extracted from 2M sulphuric acid-lo-‘M thio- 
cyanate medium (I), 4M hydrochloric acid (2) and 1M 

hydrofluoric acid (3). [v(V)] = 9 x 10-5M. 

RESULTS AND DISCUSSION 

Extraction and spectral characteristics of the 
vanadium ( V) complexes 

The absorption spectra of the purple and red 
complexes extracted from 4M hydrochloric acid and 
1 M hydrofluoric acid and of the reddish blue complex 
extracted from 2M sulphuric acid in the presence 
of 10m3M ammonium thiocyanate, respectively, are 
shown in Fig. 1. As 0.1% OBPHA solution has 
practically no absorbance in the visible region, the use 
of chloroform as reference is satisfactory. The ab- 
sorption spectra of the purple and red complexes 
extracted from 4M hydrochloric and 1 M hydrofluoric 
acid were the same as those of the complexes ex- 
tracted from 2M sulphuric acid in the presence of 
1.5M sodium chloride, and 0.6M sodium fluoride, 
respectively. The molar absorptivity of the reddish 
blue complex extracted from 2M sulphuric acid in the 
presence of lo-‘M ammonium thiocyanate is higher 
than that of the other two complexes, at the wave- 
lengths of maximum absorption. The effect of acidity 
on the maximum absorbance for these systems is 
shown in Fig. 2. The effect of the chloride, fluoride 
and thiocyanate concentration on the absorbance at 
the wavelength of maximum absorption is shown 
in Fig. 3. The molar absorptivity, wavelength of 
maximal absorption and extraction conditions for 
the complexes are compared in Table 1 with those 
for the complexes with BPHA and its derivatives. 
The p-octyloxy substitutent in the N-benzoyl ring 
results in a large red shift of the absorption band 
and a bluish violet colour of the chloride complex. 
The molar absorptivity is also increased. Conjugation 
of the octyloxy group with the carbonyl group 
may increase the resonance of the system and the 
absorption intensity. The molar absorptivity of the 
fluoride complex is not as high as expected by 
analogy with the BPHA complex extracted from 

0.6 

01 I I I I I 

0 2 4 6 8 10 1 
Acid concentration, M 

Fig. 2. Effect of acid concentration on absorbance of 
extracts from sulphuric acid-lO-)M thiccyanate medium 
(I), hydrochloric acid (2) and hydrofluoric acid (3). 

W(V)] = 9 x lo-‘M. 

sulphuric-hydrofluoric acid medium by Donaldson.s 
The sulphuric acid-thiocyanate system seems the 
most suitable for analytical purposes. The oxidant, 
shaking time, and obedience to Beer’s law, were 
therefore studied for this system. Ammonium per- 
sulphate’ was used as the oxidant because potassium 
permanganate was reported to oxidize BPHA and its 
derivatives, producing a yellow extract.’ The maxi- 
mum absorbance at 570 nm for the sulphuric 
acid-thiocyanate system was obtained by shaking 
for l-2 min when the organic/aqueous phase 
volume ratio was 1, and for 6 min when the ratio was 
5; longer or shorter shaking times than 6 min gave 
lower absorbances. Shaking for longer than 6 min 
may result in formation of the vanadium(Vt 
thiocyanate complex by a ligand-exchange reaction. 
The system obeys Beer’s law in the range O-4.6 &ml 
of vanadium(V). The relative standard deviation of 
the absorbance at 570 nm is 0.8% [ 10 replicates with 
27.5 pg of vanadium(V)]. 

a 0.6 
Y 3 
m 
f 
0 0.4 
< 

I 

01 I I I I 1 

10-e 10” lo4 1oP 
I 

10-l 1 10 
Chloride, fluoride, and thiocyanate concentration, M 

Fig. 3. Effect of chloride, fluoride and thiocyanate concen- 
tration, in 2M sulphuric acid, on absorbance. 1, V(V)- 
OBPHA-SCN, 2, V(V)-OBPHA-F-; 3, V(V)-OBPHA- 

Cl-; [v(V)] = 9 x lO_‘M. 

TAL 3611-F 



796 SHORT COMMUNICATIONS 

Table 1, Comparison of spectrophotometric determination of vanadium(V) by extraction into 
chloroform with BPHA and its derivatives 

Extraction &, 
Hydroxylamine conditions nm I.molef;.cm-l Reference 

N-Benzoyl-N-phenyl- 2.8-4.3M HCl 510 4.65 x lo3 9 
N-Benzoyl-N-phenyl- 2iU H,SO, 415 4.28 x lo, 5 

-4M HF 
N-Benzoyl-o-tolyl- 4-8M HCl 510 5.00 x lo) 10 
N-Benzoyl-o-tolyl- 4-8M HCl 510 5.25 x 103 8 
N-Cinnamoyl-N-phenyl- 4M HCl 540 6.30 x lo) 2 
N-p-Gctyloxybenzoyl-N-phenyl- 3-7M HCl 540 6.10 x 10) - 
N-p-Octyloxybenzoyl-N-phenyl- OS-2M HF 490 5.08 x 10’ - 
N-p-Octyloxybenzoyl-N-phenyl- I-2M H,SO, 570 790x103 - 

-lO-)M SCN- 

Composition of the complexes 

The differences in the absorption maxima and 
molar absorptivities of the three complexes (Fig. 1) 
suggest that the chloride, fluoride and thiocyanate 
react by co-ordination, not by ion-association, in 
these systems and that the complexes are 
VO(OBPHA),X (X- = Cl-, F- and SCN-).5*11,‘2 
The continuous-variation method showed that the 
metal:reagent ratio is 1:2. For slope analysis, the 
distribution ratio, D, of the vanadium(V) complex 
between chloroform and water was measured as a 
function of the OBPHA concentration. A OSM sul- 
phuric acid solution of vanadium(V), containing 
chloride, fluoride or thiocyanate, was shaken for 2 
min with an equal volume of chloroform containing 
OBPHA (longer shaking slightly decreased the ab- 
sorbance of the organic phase). The phases were 
separated by centrifugation (at 1000 rpm for 3 min), 
and the absorbance of the organic layer was 
measured in a IO-mm silica cell, at the wavelength 
given in Table 1. Assuming no polynuclear complexes 
of vanadium(V) are formed, at low pH (~2.5) the 
vanadium(V) exists as VO: in the aqueous phase,” 
and the extraction reaction is assumed to be 

VO; + 2(HL), + X- & (VOL,X), + Hz0 (1) 

woL2xlo 
Kex= [VO;][HL];[X-] 

(2) 

log D = 2 log[HL], + log[x-] + log K;, (3) 

where the subscript o indicates species in the organic 
phase. The distribution ratio of vanadium(V) is 

D _ wL*w, = wL2xlo 

wxl C” - WL*W, 
(4) 

where Cv is the total concentration of vanadium(V). 
The concentration of (VOL,X), in chloroform was 

determined spectrophotometrically by using the 
molar absorptivity given in Table 1. The slopes of the 
log D us. loaHL], plots were all 2 in the presence 
of chloride, fluoride and thiocyanate, indicating 
that the extracted species all contain two ligand 
molecules. The free vanadium(V) concentration in 
the aqueous phase was determined by the BPHA 

spectrophotometric method’ for the vanadium(V)- 
OBPHAshloride system. The distribution ratio, D, 
was calculated from the known total concentration of 
vanadium(V) and free vanadium(V) concentration 
in the aqueous phase. The points obtained by 
both methods all fell on the same line in the plot of 
log D us. log[HLl,. Hence equations (l)-(3) correctly 
describe the extraction systems. 

Eflect of diverse ions on determination of vanadium( V) 
by extraction from sulphuric acid-thiocyanate solution 

The tolerance limit for foreign ions was calculated 
as the amount which would cause a change of 1.2% 
in the absorbance for a fixed amount of vanadium. It 
was found that 27.5 pg of vanadium(V) could be 
determined in the presence of a large excess of foreign 
ions: 10 mg of Ca(II), Mg(II), Co(II), Ni(II), Cu(II), 
Zn(II), Mn(II), Cd(II), Fe(III), Al(III), Zr(IV) and 
Nb(V), 5 mg of Ti(IV), 1 mg of Mo(VI), and 0.5 mg 
of Hg(I1) did not interfere. However, only 30 pg of 
W(V1) can be tolerated. The use of the common 
masking agents, e.g., oxalate, tartrate, citrate and 
phosphoric acid, to eliminate the interference of 
tungstate was without success. Chromium(V1) seri- 
ously interferes and is tolerated only up to 10 pg, 
even if reduced to chromium(II1) with iron(I A 
more comprehensive examination of masking agents 
for tungsten and chromium seems desirable. The 
presence of S-10 mg of citrate, oxalate, tartrate, 
EDTA, phosphate and fluoride did not interfere. 

The method described should prove useful in the 
direct determination of vanadium(V) in low grade 
ores, alloys and biological materials. 

1. 

2. 

3. 
4. 

5. 
6. 

I. 
8. 
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ANNOTATION 

STUDIES ON FLUORESCEIN-VIII* 

NOTES ON THE MATHEMATICAL WORK-UP OF ABSORBANCE 
DATA FOR SYSTEMS WITH SINGLE AND MULTIPLE 

DISSOCIATIONS, THE LIMITATIONS OF THE CONVENTIONAL 
LOGARITHMIC TREATMENT, AND THE DISSOCIATION CONSTANTS 

OF FLUORESCEIN 

HARVEY DIEHL 

Department of Chemistry, Iowa State University, Ames, Iowa 50011 U.S.A. 

(Received 21 December 1988. Accepted 4 February 1989) 

Summary-A mathematical study has been made of a commonly used method for obtaining dissociation 
constants from data for absorbace as a function of pH. Once the limiting working absorbances have been 
selected (usually simply the asymptotes to the curve of absorbance vs. pH), the value for the dissociation 
constant is flxed by the average of the values chosen and no treatment of the data, by graphical or 
least-squares methods, will alter the result. The mathematical reason for this is explained. An alternative 
procedure based on measuring the point of inflection of the curve and the slope through this point has 
been developed. Certain limitations of the Rosenblatt method for obtaining dissociation constants from 
absorbance data are also pointed out. 

A general approach to the evaluation of the seven 
constants defining the system of fluorescein in water 
alone as solvent, given the absorbance at specified 
wavelengths over the entire pH range, and assump- 
tion of four prototropic forms, was described in 
earlier papers in this series.‘,2 For the purpose of 
illustrating this mathematical examination of the 
conventional logarithmic method for obtaining a 
dissociation constant from absorbance data of a 
monobasic acid, I have selected the first ionization 
step of yellow fluorescein, defined by Ku,r, and 
measured by the absorbance at 437 nm. This has the 
advantage of reducing the system to a two-com- 
ponent system (HJF1+ and H*Fl), although with a 
serious overlap problem [at pH > 3.2, caused by the 
second ionization step (defined by &r,)]. I have 
designated the simpler problem as Approximation 
One, and the extensions as Approximation Two and 
Approximation Three. 

The fundamental equation for Approximation 
One is 

*Earlier papers in this series in Tulanta: I, 1980,27,937; II, 
1985, 32, 159; III, 1986, 33, 901; IV, 1986, 33, 935; V, 
1987, 34, 739; VI, 1989, 36, 413; VII, 1989, 36, 419. 

(see earlier papers II3 and V’ for definitions of the 
symbols). This equation is derived on the following 
assumptions: (1) that the monobasic acid follows the 
normal dissociation pattern; (2) that each absorbing 
species conforms to the Beer-Lambert law; (3) that 
the total absorbance, A,, at a specified wavelength 
(held constant throughout a series of measurements) 
is the sum of the individual absorbances (additivity 
law); (4) that the total concentration remains con- 
stant throughout a set of measurements so that the 
concentration term can be eliminated in the course of 
the mathematical development. 

Because of the ill-conditioned nature of the data of 
absorbance vs. hydrogen-ion concentration, which 
makes impossible a visual, graphical handling, ab- 
sorbance is customarily presented as a function of 
pH, as in Fig. 1. 

Given a set of data of absorbance at a given 
wavelength as a function of pH, the problem arises of 
ascertaining the best value for the dissociation con- 
stant and tailoring the procedure used to obtain this 
to the amount of data, the inherent accuracy of the 
data, the accuracy needed in the result, the inherent 
complexity and difficulty offered by the chemical 
system investigated, and the mathematical sophistica- 
tion and complexity of the computing equipment 
needed. 

A simple graphical approach may be all that is 
needed. Thus, the point of inflection of the smooth 
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Fig. 1. Absorbance of fluorescein at 437 nm as a function 
of pH (water as solvent, p = 0.10, concentration 2.407 x 
lo-‘M). Circled points: original data.’ Smooth curve: data 
subjected to one step of smoothing by Simplotter (see text). 
Light horizontal lines are the “limiting working ab- 
sorbances” as calculated from the graphical treatment and 

equations (9) and (10). 

curve of Fig. 1 falls at pH 2.17 (A = 0.764) as deter- 
mined by visual inspection. At this point, the negative 
logarithm of the dissociation constant is equal to 
the pH 

PKH,FI = P%SI. Pt. = 2.17 (2) 

A mathematical proof of this theorem is offered 
below. The graphical method, unfortunately, pro- 
vides no immediate clue as to the intrusion of a 
second dissociation step (actually present in Fig. 1). 

The conventional logarithmic equation 

In negative logarithmic form, equation (1) becomes 

GFl-AA,) 
l”g;;“:AGR)= -PG,,+PH (3) 

2 

which is the conventional logarithmic equation. Al- 
ternatively, rearrangement of equation (1) can yield 

A,= -[H+] VA” 
A’ 

-+[H+]~+A;2F, (4) 
AHJFI AHjFl 

which is the Rosenblatt equation.4 Equations (3) and 
(4) each provide a device for averaging overdeter- 
mined data. Procedures based on equation (3) have 
been by far the most commonly used, but the pro- 
cedure has some severe limitations, on which the 
literature is silent. Equation (4) circumvents the 
limitations of equation (3), as does a more elaborate 
graphical treatment described below. 

Equation (3) provides a convenient linear plot for 
handling the data, that is, a plot of log 

[(A & - A,)/(A, -A;;,,) vs. pH. The values needed 
for the limiting working absorbances have usually 
been obtained by inspection of the horizoptal por- 
tions of the curve of A, vs. pH (cf: Fig. l), or strictly, 
from the asymptotes the curve approaches. This 
procedure appears satisfactory, but it yields a mis- 
leading result. The slope of this linear plot is 1.000 if 
the system conforms to the assumptions made in the 
derivation of equation (1). If the slope is not 1.000, 
the question arises as to which intercept, that on the 

y-axis or that on the x-axis, gives the better value for 
the dissociation constant. At the intercept on the 
x-axis, the log term is zero, and 

so that 

A-, -A, 

A:-“A;;,, = ’ (5) 

A n,,op~crm=0=f(A~,n-Ai;,n) (6) 

and the absorbance at this point, the point of intlec- 
tion, is simply the average of the working absorp- 
tivities, confirming equation (2). Once the working 
absorptivities have been chosen, the intercept on the 
x-axis has been 6xed and no selection or manipula- 
tion of data (by use of graphical treatment of plot or 
least-squares) will change the result. 

The first and second derivatives of A, as a function 
of pH, as obtained from equation (3) or equation (4), 
are 

dA 
-L = 2.303 
dpH 

x (Aiig + A;;,&, - Aii,d;;,n -A;? 
A- -A& 

(7) 

HlR ) 

d2A, A ii,FI + A i&n - 24, 

WHS 
-2.303 

( 
A_ _A_ 

H2m Hlfl > 

x (A,$, + A;;,&& - A;;,,A;;,, -A: 

A- A’ 
(*I 

H#l- HgFl > 

If the four algebraic factors making up the second 
derivative are individually set equal to zero, we 
obtain the three degenerate solutions, A, = -A&, , 

A,,= -A&,, A- -A,;, HZFJ = 0 and the important re- 
sult that the point of inflection (Fig. 1) occurs at 

A n, inn. pt. =f(A$;,,+A&) (9) 

a result identical with equations (2) and (6). Thus, the 
point of inflection is the point at which the log term 
of equation (3) is equal to zero and the point at which 
PKH,F~ = pH. This provides a theoretical basis for 
what many workers have undoubtedly conjectured 
and accords with my own experience that as good a 
value for the dissociation constant can be obtained 
from the point of inflection of a carefully plotted 
graph of absorbance against pH as from a more 
elaborate plot of the conventional logarithmic equa- 
tion or the more formal mathematical regression 
treatments according to equations (3) or (4). 

The slope of A,, =f(pH) at the point of inflection, 
obtained by introducing equation (9) into equation 
(7), is 

dA, 

( > dpH inltpt. 
= -(2.303/4)(A&, - AT;,,) (10) 

and again, as with the position of the point of 
inflection, this slope is determined not by the data but 
by the working absorptivities chosen. 
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A better procedure is to work from the central data 
and calculate the working absorptivities. If the ab- 
sorbance at the point of inflection is coupled with a 
measurement of the slope at the same point, the 
simultaneous equations (9) and (10) can be solved to 
yield values for the two working absorptivities. Such 
values are more reliable than guesses as to the 
asymptotes, in that only the central data are involved 
and conformity to the Beer-Lambert and additivity 
laws is forced. Visual measurement of the slope is 
difficult; an optical-mechanical aid is required, as will 
be discussed later. 

The slope through the point of i&&ion of Fig. 1 
was found (average of several measurements by the 
glass prism and mirror straight-edge methods) to be 
-0.5134 absorbance per pH unit. 

Thus, 

0.764=f(A;;,n+A;;,,,) 

and 

-0.5134 = -(2.303/4)(A;;,, - A&.,) 

which yield 

A&=l= 1.219 and A&, = 0.318 

This curious state of affairs, that in theory the 
position and the slope at the point of inflection are 
independent of the data of A,, =f(pH), has a counter- 
part in mathematics. It is tempting to develop the 
logarithmic term of equation (3) as a power series. 
This fails; attempts to expand log[(a - x)/(x - b)] by 
the McLaurin series about x = 0 or by the Taylor 
series about x = a fail because the variable drops 
out. Looking at the problem another way, the log 
term is the difference between two log terms: 
log(A;;,, - A,,) - log(A, - A&,), A, being common 
to both functions and limited to values such that 
A ;;,n>An>A&. A study of the two logarithmic 
functions separately and along with the difference 
function gives a direct, geometric confirmation of 
the conclusions drawn from equations (2), (6), 
and (9). 

The Rosenblatt equation 

Rosenblatt’ employed equation (4) to calculate the 
dissociation constant of a monobasic acid from the 
three data points of absorbance US. pH, the points 
being chosen near to, and about equidistant on each 
side of, the point of inflection. For each point the 
data were entered into equation (4) and the three 
simultaneous equations were solved for the dissocia- 
tion constant and the two working absorptivities. 
Rosenblatt applied the method successfully to 3- 
nitrocatechol. The method is tempting in that it 
requires only three sets of experimental points and 
uses centrally located data, but has the fault inherent 
in the solution of simultaneous equations, that small 
differences between similar numbers are taken and 
used in the calculations. This means that, if a com- 
puter with a program for solving simultaneous equa- 

tions is used, the figures 1 in the third column of the 
coefficient matrix must be entered as 1OOOOOE - 05 in 
order to avoid round-off errors. As applied to proton- 
ated yellow fluorescein, with three points read off the 
smoothed curve of Fig. 1 @H 1.50, A, = 1.023; 
pH2.17, A,=0.764;pH2.75, A,=0.508),theRosen- 
blatt equation yields KH,n = 5.821 x lo-’ (pKHIfl = 
2.235); A& = 1.155; A&” = 0.311. These values are 
in relatively poor agreement with the values obtained 
by the slope method. 

For overdetermined data, the Rosenblatt equation 
may fail when solved by computer programs for 
three-variable regression; the Minitab program, 
for example, when applied to A4’rnm vs. pH [Ref. 1, 
Table 1, lines l-21 (pH 0.15-4.00)], with aI, u2, a3, b 
(the four data columns) being respectively [H+], 
[H+]A,, I, and A,, reported that x3 is essentially 
constant; x, is highly correlated with other predictor 
variables; x2 is highly correlated with other predictor 
variables. With the Nonconstant feature operating, 
the program simply removed x, from the equation 
and ran a two-variable regression, the results of 
which had no theoretical significance. With the Con- 
stant feature operating, the program removed x, (the 
figures 1) from the equation and solved a two-vari- 
able regression yielding 

A, = 0.3334 + 135.44[H+] + 161.94[H+]A, 

the coefficients of which give K,,, = 7.38 x lo-) 
(PK,,, = 2.132), A,+, = 1.196, A& = 0.3334), in 
fair agreement with the values obtained by the slope 
method, but the value of A&, is too high, probably 
because of a significant effect of the second ionization 
step, beginning at about pH 2.5. 

Criteria for testing for a second dissociation step 

The real utility of a graphical or least-squares plot 
of equation (2) is in the slope found and the clues it 
provides as to the departure of the system from the 
assumptions listed above. The theoretical slope for a 
single dissociation step (monobasic acid) is 1, but is 
less than 1 for a material with a second dissociation 
step if the second and third prototropic forms have 
lower absorptivities than the first. Moreover, the plot 
at higher pH will not be linear and with increasing pH 
will become convex. This is the case with yellow 
fluorescein, for which all four prototropic forms 
absorb appreciably at 437 nm and pH 3.0. The way to 
handle such a system was described earlier.’ 

EXPERIMENTAL 

Materials 
The yellow fluorescein used was purified through the 

diacetate and the absence of heavy metals was thus ensured.’ 
The absorbance measurements were made with a Perkin- 
Elmer 320 spectrometer. 

Smoothing and plotting data 
Because replicate experiments gave data with larger dis- 

crepancies between pH 2 and 3 than could conveniently be 
handled manually, resort was made to computer smoothing. 
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This was done by one-degree of smoothing on the high-pre- method of determining the slope of a tangent to a curve is 
&ion plotting device, Simplotter,6 at the Iowa State Univer- the “Derivimeter”, pictured in the VNR Concise Encyclo- 
sity. In this operation, a cubic polynomial was fitted to each pedia of Mathematicsi0 and reported by Werkmeister” to 
three successive points and the point of inflection in the provide a precision of 0.05”. The original inventor and 
cubic was plotted; 21 data points, for the pH range manufacturer, A. Ott of Kempton, West Germany, no 
0.15-4.00, yielded the curve in Fig. 1. longer makes the instrument and all efforts of the present 

author to locate one have failed. 
Locating tangents to curves 

It is almost impossible to draw by eye a tangent through 
a point of inflection (like the one in Fig. 1) with a straight- 
edge, with any degree of accuracy. Two simple aids, the 
mirror straight-edge, and the triangular glass prism, are 
available. With these, the perpendicular to the tangent can 
be drawn with a precision of about 0.1”. Both methods are 
described by Willers’ and Meyer.s My own mirror straight- 
edge is a strip of polished stainless steel bent at the ends so 
that it stands vertically. The strip is fastened near the 
bottom to a horizontal flat bar of steel which holds the steel 
strip rigid and straight, and provides weight and stability. 
The “kink” seen at the contact of graph and mirror image 
when the mirror is not along the normal to the curve is clear, 
and is readily eliminated by rotating the mirror; the normal 
can then be drawn. The prism is a block of optical glass, 
38 mm x 38 mm x 53 mm in cross-section and 145 mm long, 
obtainable from the Edmund Scientific Company.’ The 
prism is placed on the graph, and while the graph is 
observed through the top edge, the prism is rotated until the 
segments of the graph are brought into coincidence. This 
provides a method for locating the point of inflection as well 
as the normal to the tangent. Care must be taken to avoid 
a parallax error. Each of these devices proved adequate for 
the present work, but what probably would be the best 

1. 

2. 
3. 
4. 
5. 

6. 

I. 

8. 

9. 

10. 

11. P. Werkmeister, 2. Instrumentenkunde, 1937, 57, 379. 
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Softuare package TAL-004189 
GPACK-I 

Contributor: S. Bhattacharjee, K.K. Gupta and L.P. Pandey, National 
Metallurgical Laboratory, Dept. of Chemistry, Jamshedpur, 831007, Bihar, 
India. 

Brief description: GPACK-I is 
forse by analytical 

a menu-driven application package designed 
chemists, for drawing uorking curves and subsequently 

evaluating the analysis results. The softuare is generally applicable, and 
may be used for AAS, AES, XRF, molecular spectroscopy (UV/VIS), etc. There 
are three main sections, calibration, recalibration, and analysis. In 
calibration the working curve for the standard samples is drawn. The data 
fit is normally either linear or parabolic, but there is provision to opt 
for polynomials of higher degree. In recalibration, the working curve drawn 
earlier is recalibrated with respect to the present instrumental status. At 
any point, the uorking curve, recalibrated curve and the data sheet can be 
vi eued. Spurious data can be excluded if desired. 

Potential users: Analytical chemists. 

Fields of interest: -- Analytical chemistry. 

This program has been developed for IBM-compatible personal computers, to 
run under CP/M or MS-DOS, in MBASIC PLUS 1 or GW-BASIC. It is available on 
5.25-inch double-sided floppy disc. The memory required is 40Kb. 

Distributed by National Metallurgical Laboratory, Jamshedpur, 831007, India. 
cost: use 75.00. 

The PC requires a CGA or EGA monitor and graphics card, and a dot-matrix 
printer. The program is self-documenting: the source code is not available. 
The softuare has been fully operational for 6 months at one site. The 
contributors are available for user enquiries. 

Softuare package TAL-005189 
GPACK-II 

Contributor: S. Bhattacharjee, K.K. Gupta and L.P. Pandey, National 

Metallurgical Laboratory, Dept. of Chemistry, Jamshedpur, 831007, Bihar, 

India. 

Brief descri tion: 
design--k x~,'""~~~' lzytz ‘;!I::,’ ~~:~~~~~~enan~r~p~~~~rt~~ck~~~ 
software also contains a large number of curve-fitting routines. It is 
particularly useful for modelling experimental data , generating and plotting 

surfaces, and can conveniently be linked uith any application softuare. In 
x-y plot, the softuare gives four choices for the x and/or y scales, viz. 

linear, logarithmic, exponential and pouer function. The x-y-z function can 

quickly generate and plot the surface for a given 2 = fCx,y). The 

curve-fitting routines can fit power functions, exponential equations, and 
polynomials up to degree 10. Bar and pie charts are of presentation 

quality. 

Potential users: Any scientists. 
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Fields of interest: -- Modelling, presentation graphics, optimization. 

This package has been developed for IBM-compatible personal computers, to 
run under CP/M or MS-DOS, in MBASIC PLUS 1 or GW-BASIC. It is available on 
5.25-inch double-sided floppy disc. The memory required 5s 60Kb. 

Distributed by National Metallurgical Laboratory, Jamshedpur, 831007, India. 
cost: uss 150.00. 

The PC requires a CGA or EGA monitor and graphics card, and a dot-matrix 
printer. The program is self-documenting: the source code is not available. 
The software has been fully operational for 6 months at one site. The 
contributors are available for user enquiries. 
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Summary-A two-hne atomic absorption method for determmation of lead was used for calculation of 
the temperatures experienced by analyte atoms m the gas phase after wall atomlzatlon with modified 
Pluhps SP-9 graphite tubes For each tube, the mfluence of the temperature gradient on the vapour phase 
temperature and chemical interferences expenenced by Cd, Mn and Pb m ETA-AAS was investigated 
A higher vapour temperature and lower chemical interference by chlorides were observed when the tube 
temperature gradient was reversed through a reduction m the wall thickness towards the ends of the tube 

A knowledge of the temperature expenenced by 
analyte species m the vapour phase m a seml- 
enclosed, pulse-heated graphite furnace IS essential 
for predlctmg the characterlstlcs of the atormc-ab- 
sorption signal of the analyte In particular, rt 1s 
necessary to know the effect of this temperature on 
(a) the mechamsm of atomlzatlon, (b) matnx mter- 
ferences and (c) the transport process m the gas 
phase. ‘~6 Chemical reactions dependent on the va- 
pour-phase temperature include the dlssoclatlon of 
analyte molecules, lomzatlon of neutral atoms and 
reactions of analyte species with the gaseous species 
present or produced m the graphite furnace. 

The temperature dlstnbutlon m the gaseous phase 
mslde the atom cell depends upon a number of 
factors, including the temperature dlstnbution along 
the graphite-tube wall, the thermal properties of the 
sheath gas, and the presence or absence of a forced 
convective flow of the purge gas. The temperature 
dlstnbutlon or gradient along the graphite-furnace 
wall depends on the geometry and design of the tube, 
the heating programme applied and the nature of the 
tube material used 

The occurrence of chemical interferences m Mass- 
mann-type atomizers 1s related to the temperature 
characterlst’cs of the tube when heated, and this has 
motivated the mvestlgatlon of different designs of 
graphite furnace with a view to decreasing the mter- 
ferences Probee ‘-‘” and platformm3 1’-‘6 atomization 
and the side-heated isothermal furnaceI are examples 
of recent developments m furnace technology 
Alteration m the geometry of the graphite tube has 

*To whom correspondence should be addressed 

also been considered as a means of mcreasmg the 
vapour temperature and/or heating rate at the time of 
analyte vaporlzatlon to reduce chemical interferences 
m ETA-AAS. In two reviews on wall and gas temper- 
ature dlstnbutlons m a graphite tube,14*” it was 
pointed out that the furnace geometry 1s an important 
factor m determining the magnitude and pattern of 
the temperature dlstnbutlon The wall and gas tem- 
perature dlstnbutlons m modified and unmodified 
tubes during wall and platform atomlzatlon were 
compared. Recently, Welz et ~1.‘~ used coherent 
anti-Stokes Raman scattering (CARS) to calculate 
the vapour temperature at different locations within 
a graphite-tube atomizer Dunng rapid heating, the 
gas temperature at any point followed the equivalent 
wall temperature very closely. The difference m va- 
pour temperature between the centre and ends of the 
tube was found to be about 1200 K when the tube 
was heated to 2700 K 

In the present study, the vapour temperatures m a 
Philips SP-9 atomizer were calculated by using the 
two-lme lead absorption method4,s. As atoms dls- 
trlbuted along the length of the tube contribute to the 
total absorbance signals measured, the vapour tem- 
peratures denved by this method are not spatially 
well resolved. However, the data obtained indicate 
the “average” temperature condltlons expenenced by 
the analyte element and mterferent species during the 
atomlzatlon step. This mformatlon can be used to 
assess the effect different tube designs have on the 
vapour temperature expenenced by atoms Three 
designs of tube were considered, with different tem- 
perature gradients along the tube length Two of the 
designs were based on tube shapes described by 
LittleJohn and Ottaway for use in electrothermal 
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atomic-emission spectrometry.6 As the tube shape 
affects the vapour temperature gradient and hence 
vapour phase mterferences,‘* chemical mterferences 
m the determinatron of cadmmm, lead and manga- 
nese were studied for each tube and the results related 
to the vapour temperature data 

EXPERIMENTAL 

Measurements were made with a Phrhps model PU 9000 
atomic-absorptton spectrometer, PU 9095 vtdeo fumace- 
programmer, SP-9 autosampler, PU 9007 data-control sta- 
non and IBM-AT mtcrocomputer The study was facthtated 
by commumcahon between the PU 9007 data-control sta- 
tion and the IBM-AT mrcrocomputer equipped wtth an 
Epson FX-85 graphtcs printer Internal surface tempera- 
tures of the tubes were measured wtth an Ircon optical 
pyrometer interfaced wtth an Apple IIe mtcrocomputer 
through a laboratory-bmlt tngger ctrcmt system. Atomtc- 
absorptton signals were recetved by the PU 9007 data 

Fig 1 SP-9 atormxer tube destgns; (A) unmodtfied tube, (B) 

statton. stored. and transferred throueh an BS232 hnk to 
modtfied tube I, (C) modified tube II 

the IBM-AT n&mcomputer for pro&&g Data process- 
mg was accomplished wtth the IBM-AT and Apple IIe 
rmcrocomputers by use of “Tempcalc”, Lotus 123 and 
“Pyre” software The “Pyro” non-commercial program was 
wntten for operatton with the Ircon optmal pyrometer that 
was used to measure the surface temperature of the atormzer 
tube The “Tempcalc” program was wntten for the vapour 
temperature calculations* Vapour temperatures were calcu- 
lated by the two-hne method descrtbed by Sterner et al $1 
wtth the equanon 

-4077 
T= 

ln(0 217~,,,,i~,s,,) 
The constant -4077 ts derived from the energy values of the 
lower levels of each transrtton and 0 217 1s obtamed from the 
literature values of the statistical weight (g), oscdlator 
strength (f) and wavelength for each line Sremer er al 5 
have suggested that the hterature gf values for lead may 
not be accurate and attempted to calculate values for the 
lead 280 2 and 368 3 nm hnes from expenmental measum- 
ments From this work, they concluded that the constant m 
the denommator of the equahon should be 0 272 and not 
0.217 The apphcatton of the expenmentally denved con- 
stant produces vapour temperatures that are higher by a 
factor of N 1 1 than those calculated wtth 0 217 as the 
constant The validity of the expenmentally dertved con- 
stant has not been substantiated, so the hterature value has 
been used for the calculattons described m thts study 
Although the calculated temperatures may therefore be 
inaccurate (owmg to the unrehabthty of the gfvalues), the 
mam interest 1s a comparison of the vapour temperatures for 
the different tubes and how these correlate wtth the mterfer- 
ence data 

The vapour temperatures were e&mated from the tempo- 
rally resolved AAS signals for 10 ~1 of 5 or 10 pg/ml lead, 
measured at 280 2 and 368.2 nm Absorbance data were 
collected at 200 data pomts over the duration of the 
transtent stgnals This mformatton was used with the 
“Tempcalc” program to obtain time-resolved temperature 

se&on at the injection hole towards the cooler ends (see 
Ftg. 1) 6 

The second destgn, morhfied tube II, was prepared by 
removmg a 0.5 mm thtck layer of graphtte from 5-6 mm 
secttons, startmg 3 or 4 mm from the ends of the tube. Thts 
reversed the temperature gradient of the tube. m the mitral 
few seconds of heating, because the sections of reduced wall 
thrckness towards the ends of the tube heated faster and to 
a higher temperature than the unaltered central sectron This 
design was earlier referred to as the “volattle element tube” 
(VET), by LittleJohn and Ottaway (see. Fig 1) 

To measure the “tube centre” temperatures, the opbcal 
pyrameter was focused on the mstde wall of the tube, 
directly below the mlectton hole The “tube end” tempera- 
tures were measured by focusing the pyrometer on the mner 
surface through the open end of the tube The image pomt 
was 6-7 mm from the end of the tube, whrch corresponded 
to approximately the mtddle of the cut-down section of 
moddied tube II. An ermssturty of muty was assumed Tlus 
did not mtroduce a substanhal error mto the “tube centre” 
temperatures, but the pyrometer measurement of the “tube 
end” temperatures may have been low owmg to a greater 
devtatron from the blackbody condttton towards the end of 
the tube. Even so, the temperatures obtamed allowed com- 
parisons to be made between the tube types 

The atomtxer programme used durmg the study IS gtven 
m Table 1. 

Reagents 
The lead stock solutton (1080 pg/ml) was prepared by 

dtssolvmg 0 1598 g of lead nitrate m 100 ml of O.lM mtnc 
actd Working standard soluttons were made by appropnate 
dtlutton wtth dtshlled water The 1000 ug/ml cadrnmm and 
manganese stock soluttons were supphed by BDH Chemt- 
cab, Poole, Dorset, England 

A 10% MgCl, solutton was prepared by drssolvmg 
21 35 g of MgCl* 6H,O m 1OOml of drsttlled water, and a 
10% sodmm chlonde soluhon was also made 

profiles Procedure 
Graphite tubes The atomtc absorptton of 50 pg/l Pb, 2 pg/l Cd and 

Phthps SP-9 electrographtte tubes coated with pyrolytic 10 pg/l Mn m the presence. of 0.1 and 0.5% MgCl, and 
nraohtte were modtfied bv reducma the wall thickness at 0.2% NaCl, was measured for the mterference studres 
&&rent secttons along the length if the tubes Moddied 
tube I, otherwtse known as the “high temperature tube” 
(HTT), was created by shaving off a 0 5 mm thick layer RESULTS AND DISCUSSION 
of graplnte from a 10-12 mm mid-portion of the tube. 
Thts increased the temperature gradient from the hottest Figures 2-4 gave examples of the wall and vapour 

temperature profiles obtained at an atonuzatton 
*Copies are available on request temperature setting of 2000” (2273 K) for the 
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Table I The temperature programme used for wall atomtzatton wtth the 
three tube desians 

Temperature, 
Step “C 

Dry 120 
Ash 350 
Atomize 1200 (Cd) 

2000 (Pb) 
2500 (Mn) 

Clean 2600 

Hold time, Ramp Function 
set number* selected 

32 6 
15 3 
25 0 

2 0 

Autozero 
Temperature 
control, gas stop 
and peak ttmer 
Temperature 
control 

*Ramp numbers 0, 3 and 6 Imply heating at >2000, 200 and 2o”/sec, 
respectrvely 
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Ftg. 2 The surface and vapour tempature profiles of the unmodtfied SP-9 tube wtth wall atomtzatton 
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Rg 4 The surface and vapour temperature profiles of SP-9 moddied tube II durmg wall atomlzatlon at 
2273 K Symbols as for Fig 2 

conventtonal and modified SP-9 tubes The vapour 
and surface temperatures achieved were observed to 
depend on the design of the tube. For ease of 
comparison, a summary of the results ts gtven m 
Table 2, which quotes the wall and vapour tempera- 
tures at the start, peak maxtmum and end of the lead 
atomic-absorptton signals The start and end were 
defined as the points at which the lead signal was 20% 
of the peak maximum value In most cases, this ensured 
that the absorbances used for temperature calcula- 
tions were greater than 0.06. Some of the wall and 
vapour temperature measurement experiments were 
repeated and so a range of temperature values is given, 
and illustrates the reproducibility of the calculations. 

The influence of the SP-9 tube design on the surface 
and vapour temperatures 

For a set tube temperature of 2000” (2273 K) 
(temperature-control heating mode), the surface 
temperature of the unmodified tube (Fig 2) was 
observed to be still increasing during the production 
of lead atoms (Table 2). Towards the start of the lead 
signals, a surface temperature of approximately 1680 

K was obtained at the tube centre, and the preset 
temperature of 2273 K was not reached until towards 
the end of the lead peak. The vapour temperature was 
also observed to be changing during the duration of 
the lead atomic-absorptton signals Early during the 
production of lead atoms, the gas temperature 
derived from the atomic-absorption measurements 
was srmtlar to that of the tube wall at the centre Thts 
IS not surpnsmg as the malority of the atoms will be 
at the centre of the tube and it is known that the gas 
temperature closely resembles the wall temperature at 
this location.16 As diffusion and gas expansion dts- 
tnbute the atoms along the tube, the calculated gas 
temperature begins to deviate from the wall tempera- 
ture at the tube centre This is a direct consequence 
of the temperature gradient along the tube surface 
The calculated gas temperature was lower than the 
“tube end” wall temperature after about 0.7 set 
(Fig. 2), which may be due to a systematic error m the 
procedure However, it IS known that the surface 
temperature decreases rapidly towards the ends of the 
tube and it IS possible that atoms m a cooler regton, 
further from the centre than the “tube end” point, 

Table 2 Wall and vapour temperatures for different tube shapes m the Phlhps SP-9 atomizer-wall atomization 

Temperature?, K 

At start of Pb peak4 At Pb signal maximum At end of Pb peaks 

Wall Wall Wall Wall Wall Wall 
Tube* centre endt: Vapourll centre endI Vapour /I centre end$ Vapourlj 

Unmodified 1680 - 1440-1580 1780-1920 1600-1840 184&1880 2190-2210 2OOCL2110 1800-1970 
Moddied tube I 1680 - 1460 1900 lSO(r1560 1820 2180 166&1700 1780 
Moddied tube II - - 2020 1730-1750 2290-2380 2190 2170-2180 2310-2770 1900 

*Pyrolytlcally coated 
@et temperature 2273 K 
$Defined as time during atomlzatlon when Pb absorbance (for IO ~1 of 5 pg/ml Pb) 1s 20% of maximum value 
$Measured at 6mm from the end of the tube 
11 Errors m calculated values were typically f 5ClOO K 
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Table 3 Depression of Cd, Pb and Mn AAS signals in the presence of NaCl or MaCl, 
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DepressIon, % 

Cd, 20 pg Pb 0 5 ng MnOl ng 

MgCI, 50 Irg MgCl, 50 pg NaCl 20 pg MgCl, 10 l(g 
SP-9 tube Height Area Height Area Height Area Height Area 

Unmodified 50 46 48 54 39 41 48 61 
Modified tube I 78 56 89 92 59 69 46 62 
Modified tube II 34 35 44 34 24 21 36 33 

may have contnbuted to the measured absorbance, 
lowermg the “average” gas temperature denved 

Modified tube 1 (Fig 3) showed trends similar to 
those observed for the unmodified tube, with the 
exception that there was a higher temperature gradi- 
ent along the tube from the centre to the ends A 
comparison of Figs. 2 and 3 indicates that the tube 
with the reduced wall thickness at the tube centre was 
heated more rapidly than the unmodified tube How- 
ever, a temperature close to the preset temperature of 
2273 K was not reached until the end of the lead 
signal In this respect, the modified tube I was no 
improvement on the unmodified tube A temperature 
difference of 280 K existed between the centre and 
ends of the tube at the start of the lead atomization 
and this increased to 480-520 K by the end of the lead 
signal The increased temperature difference did not 
appear to cause a greater difference between the wall 
centre and vapour temperatures than that m the 
unmodified tube, until towards the end of the lead 
signal This suggests that although atoms m the 
cooler end sections of the tube make a greater 
contnbution to the apparent excitation temperature 
at times later m the atomization step, atoms at the 
tube centre dominate the spectroscopic measurements 
for most of the duration of the lead signal 

With modified tube II (Fig. 4), there was evidence 
that the vapour temperature expenenced by lead atoms 
was higher than for the other tube designs, for the 
entire duration of the lead signal The results m Table 
2 indicate that when the tube was heated at maximum 
power to a preset temperature of 2273 K, the end 
sections heated rapidly (owing to the reduced wall 
thickness), and this caused the vapour temperature to 
be much higher at the start of lead vaponzation than 
that measured previously At the start of the lead 
peak, the vapour temperature was 2020 K At the 
signal maximum the vapour temperature was 2190 K, 
which was 460-480 K higher than the surface temper- 
ature at the tube centre and about 100-190 K lower 
than the temperature at the tube ends There was an 
apparent decline m the vapour temperature at the end 
of the lead signal, and the vapour temperature was 
then 270-280 K lower than that of the wall at the tube 
centre The temperature gradient along the tube 
surface was reversed by the alteration to the wall 
thickness. At the signal maximum the temperature at 
the central section was 560-630 K lower than that at 
the end sections The reversal of the temperature 
gradient m modified tube II was responsible for the 

increase m the gas temperature pnor to vaporization 
of the analyte from the centre of the tube (see Fig. 4). 

Interference studies 

In the presence of 50 pg of MgCl, (0 5% in the 
10 ~1 sample), the peak areas for 20 pg of Cd dunng 
wall atomization at 1200” (1473 K), were depressed 
by 35% with mod&d tube II, 56% with modified 
tube I and 46% with the unmodified tube (see Table 
3), relative to those obtained in the absence of the 
MgCI, These results correlate with the calculated 
vapour temperatures and it is clear that the hrgher 
vapour temperature charactenstics of modified tube 
II enhance the dissociation of cadmmm chlonde 
molecules. In addition, the best temporal separation 
of the cadmium and background absorption signals 
was accomplished with modified tube II Almost 
simultaneous appearance of both signals was ob- 
served with the other tube designs. 

In the presence of 50 pg of MgCl,, the correspond- 
ing depression of the signal for 0.5 ng of lead, 
recorded dunng wall atomization at 2000” (2273 K), 
was 34% with modified tube II, 92% with modified 
tube I and 54% with the unmodified tube Again, 
better temporal separation of the lead and mag- 
nesium chloride absorption signals was obtained with 
modified tube II than with the unmodified tube. 
Atomization of 0.5 ng of lead m the presence of 
20 pg of sodium chloride showed similar trends to 
those described above. A peak area depression of 
21% was recorded with modified tube II, compared 
to 69% with modified tube I and 41% with the 
unmodified tube. In this case, there was practically no 
temporal separation of the lead and sodium chlonde 
absorption signals with modified tube II 

Tube-wall atormzation of a moderately volatile 
element, manganese, also portrayed the advantages 
of modified tube II m the reduction of chemical 
interferences. For instance, m the presence of 10 fig 
of MgCl, (0 1% in the 10 ~1 sample), the peak area 
depressions for 0 1 ng of manganese were 35% with 
modified tube II, 62% with modified tube I and 61% 
with the unmodified tube. 

CONCLUSIONS 

The surface temperature of a tube and the temper- 
ature gradient along the tube at the time of analyte 
vaponzation have a direct influence on the gas tem- 
perature experienced by the atoms m electtothermal 



810 OLUBODE 0. AJAYI et al 

atomizatton. By altering the wall thickness of an SP-9 
graphite tube so that the ends of the tube were heated 
faster than the centre, it was possible to increase the 
effective vapour temperature during the period of 
volatile analyte vaporization m ETA-AAS The va- 
pour temperature at the time of sample vaporization 
has a direct influence on the degree of chemical 
interference experienced by volatile and moderately 
volatile elements. With the reversed temperature gra- 
dient tube (modified tube II) the Interference effects 
of magnesium and sodium chloride on the Cd, Mn 
and Pb signals were lower than those with the 
conventional SP-9 tube and modified tube I In some 
cases improved temporal separation of the analyte 
and mterferent absorption signals was also achieved 
with moddied tube II. The results of this study 
suggest that a tube with a reversed temperature 
gradient could be a viable alternative to the platform 
tube, which also permits vaponzation into a higher 
temperature envtronment. The only problem encoun- 
tered with modified tube II was the possibility of 
increased noise as a result of the contmuum radiation 
produced by the hot ends of the tube. Careful ahgn- 
ment of the atomizer was required to mimmize the 
adverse effects of this on the signal measurements. 
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OXIDATIVE REMOVAL OF INTERFERENCES IN 
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Summary-Dm?ct potentlometnc determinatron of chloride m a flowqectlon system can be performed 
m the presence of excess bromide, rodide, sulphrde and cyanide, when potassmm bromate m nitric and 
IS used as the tamer solution. The hydrodynamics and temperature of such a system have been examined 
and various oxzdants and m&cat@ electrodes mvestigated. The analysts can be performed at a maxunum 
rate of 120 samples per hour 

One of the advantages of flow-injection sample pro- 
cessing tn potentiometry IS the kinetic discrimination 
of mterferences.‘-’ The short Interaction time of the 
analyte wtth a sensing ion-selective electrode results 
in an apparent nnprovement of selecttvlty. Usually, 
however, this improvement IS not very Significant and 
it 1s more efficient to mask or remove interfering 
speaes. 

The response of an AgCl-based chloride lon-selec- 
We electrode is affected by the presence in the 
measured solution of species that bind chloride or 
silver ions The extent of interference caused by the 
presence of other silver-binding anions is expressed 
by the values of the selectlvlty coefficients, which may 
vary over broad ranges, depending on the conditions 
of measurement. Limiting values of these ranges are 
given by the ratio of the diffusion coefficients of the 
given anions (chloride and interferent) and the raho 
of corresponding solubllity products.* Experimentally 
determined values of selectivity coefficients for 
choride-selective electrodes are usually lower than the 
theoretical values resulting from the solubility prod- 
ucts.‘-’ In most cases, however, anions such as bro- 
mide, iodide, pseudohalide or sulphide should be 
removed from the sample before direct potentlomet- 
nc chloride dete~nation. Any lnterferen~ by sul- 
phide or cyanide ions can be eliminated by acldlfymg 
the solution,8-9 whereas bromide, Iodide and sulphide 
can be removed from the sample with a silver chloride 
suspension.1° 

Numerous authors have used selective oxldatlon to 
remove interfering anions in the determmatlon of 
chloride, e.g., wth a potassmm permanganate/nickel 
nitrate mixture,” hydrogen peroxide,‘*-” chromium 
trioxide,15 chloramme-T,‘* manganese(II1) sulphate,” 
potassium permanganatels or sodium nitrite.19 
Bromide and iodide interference m chloride determi- 
nation can be effectively eliminated by oxidatton with 
bromate.20-22 

The aim of tlus study was to examine the oxidative 
removal of interfering halide, cyanide and sulphide 
ions in flow-injection potentlometry with a 
chloride-selective electrode which had a much shorter 
response time under flow conditions than under static 
condltlons. 

EXPERIMENTAL 

The flowqectlon system consisted of a multi-channel 
penstaltic pump DPZ-2 (MLW Labortechmk, GDR), a 
horn&made rotary mJcctlon valve with exchangeable sampIe 
loop, a constant-tern~~~re delay coi1 and a large volume 
wall-Jet cell (Fig I). An Ag/AgCl electrode of the second 
kmd, prepared as described earlier’ and an AgCl/Ag$ 
membrane electrode (Detektor, Poland) were used as 
chloride-sensmve indicating electrodes A double-Junction 
electrode model 90-02 (Onon) was used as reference 
electrode with an ISIS 20000 dig&t1 ion-meter (Tacussel, 
France) connected to a K-201 stnp-chart recorder (Carl 
Zeiss, Jena). 

All solutions were prepared Hrlth tnply dlstllled water. 
Garner solutions were deaerated prior to use. 

RESULTS AND DISCUSSION 

The efficiency of the oxidative removal of mter- 
ferences was found to depend substantially on the 
residence time of the sample in the flow-inj~tion 
system. This can be adjusted by changing the flow- 
rate and the length of the delay coil. At very low 
flow-rates broad and tailing peaks are obtained, 
especially when high levels of interfering species are 
present, Very long &lay cods cause large dqersion 
in the system, which shortens the Nemstian range of 
the electrode response and creates a high hydro- 
dynamic resistance. Detailed optimization of the 
measuring system was perFormed with bromide as the 
model interfermg species, as it is the most difficult ion 
to remove by oxldation,23 Expenmental op~ization 
was performed with 10, 20, 50, 100 and 200 ppm 
chlonde solutions containing from 10 to 1000 ppm 

811 
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Chloride I S.E.1 
Reference 

, ,, /electrode 

n Waste 
e r----- -l I 

Carrier 

Dist. water V 

Pump Thermostat 

Sample 

Rg 1 The flow-mqectlon system used for the potentrometnc 
determmatlon of chloride 

brormde. Under various expertmental condmons 
peak heights were obtained for the mlecuon of chlor- 
ide solutions wtthout brormde and compared with 
those obtained for chlonde solutions containing van- 
ous levels of bromide. The difference in peak heights 
enabled a relative error of chloride determmatton m 
the presence of bromide to be calculated Optimiz- 
ation of flow-rate, length of delay cod and sample 
volume was performed with an Ag/AgCl electrode as 
detector and 0 1M potassium bromate m 1M nitnc 
acid as carrier solutton The data obtained at room 
temperature for a IO-fold mass-ratio of brormde to 
chlonde (Table l), exhibit large posmve errors, mdt- 
catmg the influence of flow-rate (u) and length of 
delay cod (I) The residence time was 5 set for u = 4.6 
ml/mm and 1= 100 cm, whereas for u = 2.3 ml/mm 
and I= 400 cm tt was 35 sec. This increase m 
residence time results m a dynamic decrease of posi- 
tive error With a residence time of 35 set and a 
maximum of 1000 ppm bromide m the inJected 
chloride soluttons analysis of 120 samples per hour 
could be achieved A further decrease of flow-rate 
or increase m length of delay co11 results m an 
unfavourable decrease of the sampling rate. The 
range of sample volumes Investigated was 20-200 ~1 
and 50 ~1 was selected for further mvestigation. 

Other oxidants for use in the determmauon of 
chloride m the presence of bromide were examined. 
Hydrogen peroxide is less effective than potassium 
bromate at room temperature and cannot be used at 
higher temperatures, as described earher,14 because 

Table 1 Relative error (%) m the flowqectlon 
determmatlon of 100 ppm chlonde m the presence of 
1000 ppm bromide iqected sample volume 20 ~1, 
tamer 0 1M potassmm bromate m 1M mtnc acid 

Relative error (%) for 

Flow-rate, 
different lengths of delay cod 

ml/nWI 100 cm 2OOcm 4OOcm 

23 + 143 f109 +69 
46 + 327 + 223 

of oxygen evolutton m the flow-mlection system. 
Cenum(IV) was too strong an oxidant, causing 
negative errors in the determination of chloride. 

Among other factors exammed were the concen- 
tration of bromate, the temperature and the presence 
of a catalyst. A threefold increase in bromate concen- 
tration m the carrter solutton (at u = 2.3 ml/mm and 
1 = 400 cm) dtd not improve the results. A more 
evtdent improvement was obtained with 1mM 
ammomum molybdate which is well known as a 
catalyst for oxidation of iodide by bromatew in 
carrier solution. The addition of osmmm tetroxtde 
was ineffecttve, probably because tts catalytic proper- 
hes are more evtdent m alkaline solutions.” The most 
stgnificant effect was acmeved by usmg higher tem- 
peratures. For the range of chloride concentrattons 
examined m the presence of up to 20-fold mass-rat10 
of brormde, the error of determination at 60” was 
below 10% (Fig. 2B) These results, obtained under 
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Rg. 2 Effect of bromide on the potentlometrlc flow-mqec- 
bon determmatlon of chlonde with an Ag/AgCl chlonde 
electrode Flow-rate o = 2 3 ml/mm, length of delay cod 
I = 400 cm, sample volume V, = 50 ~1 A-earner O.lM 
KBrO, + 1M HNO,, 25”, B-carrier 0 1M KBrO, + 1M 
HNO,, 6W, C-+arner 0 1M NaNO, + 1M HNO,, 25” 
Concentration of bromide O-10 ppm, A-50 ppm, x - 

250 ppm, @-WOO ppm 
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Table 2. Companson of chloride-sensltlve electrodes in the 
flow-mJtion determmatlon of chlonde m the presence of 
Interfering ions. tamer solution 0.1 M KBrO, m 1 M HNO, , 

temperature 25”) u = 2 3 ml/mm, I = 400 cm 

Relative positwe 
error of chlonde 

Weight 
determmatlon, % 

ratio AglAgCl &Cl/ Ag, S 
Interfenng amon Cl- x- electrode electrode 

Bronude 20 10 1.1 14 
100 250 13 105 

Iodide 10 5 39 11 
200 500 18 60 

Sulphlde 10 5 23 42 
200*500 35 184 

optimized condltlons, are compared wth measure- 
ments at room temperature urlth (Fig 2A) and mth- 
out (Fig. 2C) oxidant present. It was also found that 
oscillation of the baseline, synchromzed wth pump 
rotation, increased with increase m the acldlty of the 
carrier solution 

Determmatlon of chloride m the presence of 
bromide (with oxldatlon of the latter by bromate m 
mtnc acid solution) was also examined, mth an 
AgCl/Ag,S membrane electrode Over the range of 
concentranons studied posittve errors, larger than 
for the Ag/AgCl electrode, were observed (Table 2) 
This corresponds to the low resistance of membrane 
chloride-sensitive electrodes, based on silver salts, to 
strong oxidants, as reported by Harzdorf 26 

The optimum condmons determined for the 
oxidation of bromide were also used for chlonde 
determmatton m the presence of other mterfenng 
anions. 

Iodide present m similar concentrations to chloride 
can be oxidized at room temperature (Fig. 3A) 
Higher concentrations of Iodide should be oxidized at 
a high temperature (Fig. 3B). 

The interference from sulphtde m the absence of 
oxrdtzmg agent m the earner solution is greater than 
that from iodide (Figs. 3C and 4C). At room temper- 
ature results with an error smaller than + 10% were 
obtained for sulphide concentrations not exceeding 
l/20 of the chloride concentration m the Injected 
samples (Fig. 4A) However, complete ehmmation 
of sulphtde interferences over the range of concen- 
trations examined was only achieved at 60” (Ftg. 4B) 
For the highest sulphide concentrations, reproductble 
negative errors appeared. An explanation of their 
origm reqmres further studtes. In all measurements 
wtth sulphtde as the mterfermg species and with 
oxidant present m the carrier solution, much larger 
positive errors were found with the AgCl/Ag, S mem- 
brane electrode than with the Ag/AgCl electrode 
(Table 2) 

Both electrodes behaved similarly m the study 
of flow-injection determmation of chloride m the 
presence of cyanide. The interference of a IO-fold 
mass-ran0 of cyanide to chlonde can be effectively 
ehmmated by the use of an acidic carrier solution 
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Fig 3 Effect of Iodide on the potentlometnc flow-mqectlon 
determmatlon of chlonde wth an Ag/AgCl electrode Flow 
condltlons and A, B and C as for Fig. 2 Concentration of 
mdlde O-l ppm, A-5 ppm, 13-20 ppm, x -100 ppm, 

O-500 ppm. 

(Fig. 5B). Use of bromate in the carrier solution 
at 60” removes much htgher amounts of cyamde 
(Fig. 5A). 

Compartson of electrodes 

Basehne potential for bromate-nitric acrd carrzer 
solution. When the Ag/AgCl electrode is used the 
bromate does not react with the electrode com- 
ponents, and the Ag+ concentratton that determines 
the electrode potential results from the solubility of 
silver chloride. When the AgCl/Ag, S electrode is used 
the bromate oxidizes sulphide at the electrode mem- 
brane, but the reactton is very slow. Distinct changes 
are observed on the electrode surface only after a few 
hours. The Ag+ concentration mainly results from 
the solubtlity of the silver chloride. 

Injection of chloride standard solutions wtthout 
Interfering specaes--calibration step. With both 
electrodes the Ag+ concentration results from 
the solubihty of silver chloride and tts magnitude 
depends on the chlonde concentration m the injected 
solution. 
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Fig 4 Effect of sulphlde on the potentiometnc flow- 
injection of chloride w&h an Ag/AgCl electrode. Flow 
condlttons and A, B and C as for Fig. 2; concentration of 

sulphide the same as that of iodide in Fig 3 
- 

inje~t~un of d&.ma% solution containing inter~rmg 
anron X- Between the injection valve and detector 
cell oxidation of X- and reduction of bromate to 
bromine takes place. The sample zone approaching 
the electrode surface contains chloride, an excess of 
bromate, bromine and a product of the oxidation 
of X- (e.g., bromine in the case of bromide as 
interferent). 

When the Ag/AgCl electrode is used the Ag* 
concentration is controlled by the chloride concen- 
tration and, if oxidatton IS not complete, the interfer- 
ent concentration. This results in a positive error of 
destination. When the AgCI/Ag,S electrode is 
used the Ag+ concentration is again controlled by the 
concentration of chloride and unoxidized interferent. 
In this case, however, a reaction may occur between 
bromine, from bromate reductton, with sulphide 
from the membrane, resultmg m an increase of 
bromide concentration in the vicinity of the 
membrane surface. In such circumstances the Ag+ 
concentration wtll depend on the solubility of silver 
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Rg 5 Effect of cyaxude on Aow-injection determmation of 
chloride wrth an AgiAgCl chloride electrode. Flow con- 
ditions as for Fig 2; concentration of cyanide the same as 
that of iodide for Fig. 3. A-carncr 0 1M KBrO, + 1M 
HN03, fW, B-carnerS 0 1M NaNO, + 1M HNO$, 25’; 

C-earner 0 IM NaNO,, 25”. 

bromide and not that of silver chloride. This results 
m a transient decrease of electrode potential and an 
increase m the positive error of the determmauon. 

Statistics 

The calibration plots obtained under optimized 
flow conditions were linear over the range 10-1000 
ppm chlorrde. The precision was estimated for a set 
of measurements on duplicate mjeotions of five differ- 
ent solutions contaming a constant level of interfering 
species, and calculated according to Ekschlager*’ with 
the following equatton: 

3=&I -Ha 
where s is the standard deviation (in mV), m is the 
number of duplicate injections for each chloride 
concentration (for the set of measurements shown in 
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Table 3. Preciston of potentiometric flow-inJection 
measurements of chloride m the presence of inter- 
fenng tons at 60”. carrier solution 0 1M KBrGr m IM 

HNO1 

Concentration of Standard 
interfenng ion, devtatton,+ 

Interfermg ion PPm 

10 

mV 

0 22. 0.22 
50 

250 
1000 

1 

Iodide 2: 
100 
500 

: 
Sulphide 20 

100 
500 

1 

Cyanide 2: 
100 
500 

0.27; 0 52 
0 47; 0.87 
0 39, 0 50 

0.45 
0 67 
0 16 
0.39 
0 32 

0 16 
000 
0.16 
0 35 
0.35 

0 50 
0 72 
0 32 
0 52 
0.67 

*Obtamed according to Ekschlageti’ for a series 
of duplicate inJections of 10, 20, 50, 100 and 200 
ppm chloride containing the given level of 
mterfermg ion. 

$&utdard devtatton esumated for two series of 
chloride injections at each level of interfering 
bromide 

Table 3, m = 5) and R, is the difference between the 
two peak heights (H,) obtained for a given concen- 
tration of chloride. Table 3 shows the results obtained 
under optimized conditions. In most cases the stan- 
dard deviation does not exceed 0.5 mV Also the 
precision of the determination of chloride m the 
presence of interfering bromide was calculated as the 
RSD and the results are given in Table 4. They 
indicate that the precision of the method IS better 
than 2%. There IS no trend m standard deviation with 
interferent concentration, because results were ob- 
tamed under conditions which practically ensured the 
elimination of interferences. 

CONCLUSIONS 

Although the oxidation of anions that interfere 
with the potentiometric determination of chloride is 
not a very fast process, especially for bromide, it can 
be applied to the flow-injection determination of 
chloride. Because. of reaction-time limitations, the 
amounts of interfering ions that can be effectively 
removed in flow-injection sample processing are 
smaller than those m batch measurements.** How- 
ever, the proposed method offers a high sampling rate 
of 120/hr. Results with an error below 10% in direct 
flow-injection potentiometry may be considered 
satisfactory for routine environmental or industrial 
applications in analytical laboratories 

Table 4. Precision of flow-injection 
chloride determination m the pres- 
ence of bromide, with 0.134 potas- 
sium bromate m IM nitric acid as 

carrier solutton 

Br- Cl- Number 
weight of RSD, 
rat10 injections % 

10 10 
f ! 1.4 

1.5 

10.100 10 0 24 

250.10 10 047 
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Summary-A series of new chelating sorbents has been prepared by modtficatton of styrene- 
drvmylbenzene copolymer wrth different pyrazolone-containing ammes. The substances were characterized 
by elemental analysts and mfared spectroscopy The complexation ability of the sorbents towards alkali, 
alkaline-earth, transition and prectous metals has been studied. The new sorbents may successfully be 
applied to the stmultaneous preconcentratton of alkaline-earth and transition elements m neutral medium 
and to the selecttve separation of precious metals m actdtc medmm. 

Chelating sorbents obtained by immobilization of or- 
ganic reagents on solid supports have recently gained 
growing importance in pre-concentration and separa- 
tion of elements,‘-2 They provide high efficiency and 
simplicity of procedure and may be combined with a 
variety of highly sensitive methods of determination. 

3-Methyl-1-phenyl-4-benzoylpyrazolone-5 (MPBP) 
and its chlorobenzoyl derivatives are chelating extrac- 
tants with good complexing properties towards a 
number of metal ions.‘*’ The complexes formed are of 
/I-diketonate type and have high stability. Immobi- 
hzation of such pyrazolone reagents on solid supports 
would broaden the possibilities of their analytical 
application. 

The modification of styrene-divinylbenzene (S- 
DVB) copolymer with azo-derivatives of methyl- 
phenylpyrazolone$ yielded sorbents of low capacity, 
owing to the low degree of immobilization. The use 
of pyrazolonecontaining amines for the modification 
of solid supports is promising with respect to in- 
creased capacity, since the reagent molecule contains 
two chelating groups. 

The present paper deals with the preparation of 
new sorbents by immobilization of pyrazolone-con- 
tainmg ammes on an S-DVB copolymer. The com- 
plexation behaviour of the sorbents is compared with 
that of pyrazolones as extractants. 

EXPERIMENTAL 

Synthew of the sorbents 
The chloromethylated S-DVB copolymer (0.02 mole) was 

allowed to swell m 30 ml of dimethylformamtde for 1-2 hr 

at room temperature, then 0.01 mole of the pyraxolone-con- 
taining amine was added and the mixture was heated at 70” 
for 20 hr with portionwise addition of 0.005 mole of 
powdered sodium hydroxide. The supematant solution was 
decanted and the product was washed with ethanol and 
water until colourless washings were obtained, and was then 
dried in air to constant weight. 

Study of the complexation properties of the sorbents 
Dependence of the drstrrbution cwsfcient on PH. A IO-mg 

portion of the sorbent was shaken with 10 ml of an aqueous 
solution containing 50 pg of the element to be studied, at 
a pH value adjusted by means of dilute hydrochlonc or 
nitric acid or ammonia solution. After the drstributton 
equilibrium had been reached, the concentration of the 
metal ion in the solution was determined by flame AAS The 
distribution coefficients were calculated from 

& = 
amount of Me on the sorbent ml of solution 

amount of Me m solutton 
X 

g of dry sorbent 

Capactty studies. A IO-mg portion of the sorbent was 
shaken with 10 ml of an aqueous solution contammg 1000 
pg of the corresponding metal ion under the optimal pH 
conditions for sorption [PH 1 for Ag(1) and Au(III), pH 6 
for Pd(I1) and Mn(II)]. After the distribution eqmhbnum 
had been reached, the concentration of the metal ton in 
solution was determined by flame AAS. 

Kinetic studies A study of the sorptton kinetics under the 
optimal conditions was conducted, over periods of 5, IO, 30, 
60 mm 18 hr 

RESULTS AND DISCUSSION 

Immobilization of the reactant and characterizatton of 
the product 

The reaction of MPBP and its chlorobenzoyl 
derivatives with diethylenetriamine yields the 

817 
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pyrazolone-containing amines (PCA),6 which can be content of tmmobilized reagent molecules for a 
immobrhzed on a solid support. S-DVB was chosen sorbent based on a cross-linked polymer support *vg 
as the support because of its high chemical, mechan- This high content of tmmobihzed reagent molecules, 
tcal and thermal stability ’ each bearmg two chelating function groups, implies 

The products obtained by immobtlization of the a high reactivity and capacity in the reaction with the 
ammes have the following general formula: metal tons The sorbents are thermally stable up to 

(1) 

where R 1s the polymer matnx and X 1s. 

The substances are pale beige spherical granules, 
msoluble m water and organic solvents, and stable in 
strongly acidic and strongly alkaline media. 

The content of tmmobthzed reagent on the polymer 
surface was found by determining the mtrogen con- 
tent of the sorbents and by comparmg tt with that of 
the mitral PCA. The results (Table 1) indicate that a 
molecule of PCA IS attached to every second or third 
polymer unit of the sorbent. Thts is a relatively high 

Table 1 Content of pyrazo- 
lone-contammg amines (PCA) 

m the sorbents 

Content of PCA 
m the sorbent, 

Sorbent % 

I 443 
II 48 3 
III 405 
IV 38.2 
V 446 
VI 40.0 

360” The infrared spectra of the sorbents and of the 
mittal PCA have been recorded Comparisons of the 
charactensttcs bands (Table 2) shows that the absorp- 
tion bands of the carbonyl groups, pyrazole ring, 
associated NH groups and aliphatic CH2 groups are 
very similar for the free and tmmobihzed PCA, which 
signifies that the structure of the pyrazolonecontain- 
ing amines and especially the chelating groups 

I 
-c\o ? 

are preserved m the sorbents. 

Complexation behavlour of the sorbents 

Dependence of the distrrbutton coeficients on PH. 
Figure 1 shows the pH-dependence of the distribution 
coefficients of several metal ions. Since the curves for 

Table 2 Infrared spectra of initial PCA and correspondmg sorbents (cm -I, 
KBr disc) 

Initial PCA Sorbents 

“c-0 “pyf&.n. 6 NH “c-o “PY- 6 NH 

I 1626 1591 3430 1629 1593 3429 
II 1636 1592 3437 1632 1592 3430 
III 1624 1592 3393 1631 1593 3427 
IV 1640 1593 3430 1632 1594 3438 
V 1635 1595 3450 1632 1605 3416 
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D f-y?prIyb:y:; 
10' - co t&l Cd al AU 

I I I I I I I I I I I I I I I I I I I 
2 4 6 6 2 4 6 8 2 4 6 6 2 4 6 6 05 1 2 

PH 
Fig 1 Dependence of the dls~lbutlon coefficrents on pH The curves are rep~~ntatlve for ail sorbents 

the various sorbents overlap, one representative curve 
for each metal zon 1s shown. The curves for the 
alkaline-earth metals are similar to those of the 
transitton elements shown Over the whole pH range 
examined, alkali-metal ions, uon(III), mdmm(II1) 
and thalhum(1) are not sorbed 

difference m kinetics m actdtc and neutral medium IS 
an lndi~tion of a different mechanism of sorptton 

Effect of sterzc factors on complexatzon 

The high distribution coefficients under the optt- 
mum conditions of sorption allow an efficient pro- 
concentration and separation of trace amounts of 
certain elements, e.g , alkaline-earth and bivalent 
transrtron metal ions [N1(11), Cu(II), Co(II), Mn(I1) 
and Zn(II)] and Pb(I1) may be simultaneously pre- 
concentrated on all the sorbents m nearly neutral 
medium. The sorbents exhibit selective properties 
towards precious metals [Pd(II), Ag(1) and Au(III)] m 
acrdtc medium. 

As the general formula of the sorbents shows, there 
are two chelating groups m each rmmobihzed PCA 
molecule These may both be involved m complexa- 
non with one metal ton or mdividually with two 
metal ions 

E@ct of fonzc strength This was studied with 
soluttons m sodmm chloride medra. It was found that 
up to 00% sodmm chlonde does not affect the 
sorption coefficients of the elements examined. In- 
creasing the sodium chloride concentration to O.SM 
resulted m a decrease of the same order m the 
distnbutron coefficients This effect restricts the apph- 
cation of the sorbents to the treatment of relatrvely 
dilute solutrons. 

The former case would require a flexible structure 
of the reagent molecule, permitting the drawing 
together of the two chelating groups To mvestrgate 
the effect of the flexrbihty of the tmmobthzed reagent 
molecule on its complexanon properties, sorbent VI 
was synthesized, m which the two pyrazolone cycles 
are fixed by a common benzene rmg. This would 
make tmposslble the reaction of the two chelating 
groups with the same metal ion. 

Capaczty studzes. The results of the static capacity 
dete~inatlon are shown m Table 3. The capacities 
for precious metals are relatively high There are no 
sigmficant differences between the capacities of the 
different sorbents. 

I I 
N=C 

I ‘c 
,I/ \i+fcc;l-Ph Ph-N-C 

0 

H/i i\H 

0 

Only manganese(I1) was used as a model for the 
transition elements m this study, since the solubility 
products of the corresponding hydroxides were 
reached for the other metal ions at the concentrations 
needed and at the optimal pH of sorption. 

it 

VI 

Kinetzc studies. It was found that m the pH range As the complexatton properties of all the sorbents, 
6-8 eqmhbnum is reached in about 10 mm, whereas including sorbent VI, proved practically the same, it 
at pH 1 and below, 30 mm are needed. The same was concluded that the flexibility of the i~obill~d 
behaviour was observed for all the sorbents. The reagent molecules has no effect on the complexation, 
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Table 3 Capacity of the sorbents 

Capacity, mglg 

I II III IV v VI 

Gold(II1) 60 93 68 70 96 90 
Silver(I) 32 30 39 34 19 25 
Palladutm(I1) 60 60 60 60 60 60 
Manganese(I1) 15 5 25 1 20 18 

and that the metal complexes are more probably 
formed with the participation of chelating groups of 
neighbourmg reagent molecules. The high content of 
immobihzed PCA on the sorbent surface (cf Table 1) 
readily permits this. 

Comparrson between the complexatron propertres of 
lmmobrhzed pyrazolone-contarnmg ammes and free 
pyrazolone extractants 

The metal complexes of the tmmobihzed PCA are 
formed with participation of the oxygen atom of the 
keto group of the pyrazolone cycle and of the amine 
nitrogen atom, I e., they are not of the /I-diketonate 
type formed by the complexes of MPBP and its 
chlorobenzoyl derivatives, characterized by high sta- 
bihty J4 The difference m stability is most clearly 
manifested m the complexation with Fe(II1). in the 
pH region where hydrolyses starts, this prevatls over 
complexation with immobihzed PCA, whereas with 
MPBP the equthbnum is shifted towards chelation. 

The moderate stability of the metal complexes with 
immobihzed pyrazolone-containing ammes ts, how- 
ever, favourable for elution. Prehmmary experiments 
showed that all the sorbed metal tons are quantita- 
tively eluted with solutions of mineral acids or com- 
plexmg agents 

A study of the effect of chlorme atoms substituted 
m the benzoyl group of MPBP on its complexation 
properties” revealed that the chlorme substituents 
influence the electron density of the oxygen atom m 
the chelatmg group, the various chlorme derivattves 
mamfestmg different complexation properties to- 
wards the metal ions 

The very similar complexatton behaviour of all the 
sorbents examined here shows that chlorme atoms m 
analogous positions relative to the nitrogen atom of 
the chelating group have a lower effect on us electron 
density and hence on complexation 

11 
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ANODIC-STRIPPING VOLTAMMETRY OF HEAVY 
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SURFACTANTS 
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Summary-The efficacy of fumed slhca for removal of sorption Interferences by orgamc surfactants m the 
anodlc-stnppmg voltammetry of heavy metals IS demonstrated Appropnate ad&Ion of s~hca to the 
sample solution rapldly “punlies” It from mterfermg surfactants durmg the mtrogen purge step Up to 
at least 6 ppm of gelatin, Trlton X-100, albumin or Llqm-Nox then does not affect the stripping response 
of cadrmum, lead and zmc at the hanging mercury drop electrode A relative standard deviation of 5 5% 
1s obtained for 20 successive measurements of 1 x lo-‘M lead m the presence of 2 ppm Tnton X-100 
Analogous Improvements are observed at the mercury film electrode (m the presence of up to 60 ppm 
of these surfactants) The use of silica thus possesses the advantages of speed, efficiency, slmphclty and 
low cost compared to other schemes for dealing with surfactant interferences m anodic-stnppmg 
voltammetry 

Anodic-stnppmg voltammetry (ASV) ts a highly sen- In this paper we descnbe an elegant approach for 
sitive, precise and econotmcal electroanalytical tech- tackling the surfactant problem m ASV, based on the 
nique for measuring heavy metals,’ but is SubJect to use of fumed silica The adsorptive properties assocl- 
interferences from surface-active substances m the ated with the large specific area (255400 m*/g) of 
sample These may have a marked effect on the ASV silica mlcropartlcles are exploited for rapid removal 
response, owing to their adsorption at the electrode of large surfactants from the bulk solution (during 
surface Several groups2-5 have examined the effects of the nitrogen purge step) Even stnppmg peaks that 
model surfactants on the ASV determination of are completely suppressed by surfactants can be 
copper, lead, and cadmium at the hangmg mercury restored to full magnitude by this approach, which 
drop electrode (HMDE) and the mercury film elec- possesses the advantages of speed, effiaency, and 
trode (MFE) Effects of sorption phenomena include slmphaty, compared with other schemes- previously 
lower and broader strlppmg peaks, shifts m peak tried. Polarographlc flow systems” and adsorptive 
potentials and the appearance of tensammetnc peaks. strlppmg measurements of organic compounds14 have 
The exact effects produced by surface-active sub- recently benefited from the ability of fumed slhca to 
stances depend on their chemical structure, the envl- “collect” the adsorbable orgamc matter The results 
ronment, the type of working electrode and the of our mvestlgatlon mto the ASV behavlour of heavy 
deposition potential These effects greatly comphcate metals m the presence of fumed silica and organic 
the interpretation of ASV data surfactants are described m this paper. 

Vanous approaches have been suggested for mm+ 
mizmg or eliminating surfactant interferences in 
ASV One strategy 1s to remove or destroy the 
organic matter, e.g , by using ultraviolet lrradlatlon,6 
ozone oxldatlon,’ or a Sep-Pak extraction cartridge s 
Another attractive approach to prevent organic foul- 
mg IS to cover the MFE with a dialysis membrane9 or 
a permselectlve polymenc film,“‘,” but unfortunately 
this scheme IS not compatible with common HMDEs 
(which are more prone to sorption effects) Standard- 
addition experiments, performed uniformly using the 
sample control, also correct for modest suppressions 
of ASV peaks 4 I2 

EXPERIMENTAL 

Apparatus 

The equipment used to obtain the voltamperograms, a 
PAR 264A voltammetnc analyser with a PAR 303 static 
mercury drop electrode, was described m detad earher Is 
Some experiments were performed with the MFE, m con- 
Junction with an IBM EC-225 voltammetnc analyser and a 
Houston Ommscnbe strip-chart recorder The electrochem- 
ical cell used (Model VC-2, Bloanalytical Systems) and its 
components were also described earher I6 The workmg 
electrode was a thm mercury film, deposlted on a 0 25-cm 
diameter glassy-carbon disk 

Reagents 

All solutions were prepared from doubly chstdled water 
Metal ion stock solutions, 10e3M, were prepared by dlssolv- 
mg the metal or its nitrate m nitric acid and chlutmg as 
required Solutions (1000 ppm) of the organic surfactants 
were prepared by dissolvmg the reagent grade materials at 
room or elevated temperature The detergent Llqul-Nox was 

*Permanent address Academy of Mmmg and Metallurgy, 
Institute of Material Science, Krakbw, Poland 

tAuthor for correspondence 
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obtamed from Alconox Inc Fumed sthca was obtained 
from Stgma (No. S-5005, parhcle size, 0007 pm; spectfic 
area, 400 m*/g) and from StIestan Techmcal Universtty, 
Ghwlce (Poland) The former was used m conJunctton with 
the HMDE, and the latter for MFE experiments 

Procedures 
HMDE. The supportmg electrolyte solutton (10 ml) was 

added to the cell, spiked with the proper amount (usually 
100 mg) of s~hca powder, and deaerated with nitrogen for 
8 mm The deposition potential (usually - 1 10 V) was 
applied to the working electrode for 3 mm, while the 
solution was stirred at 400 rpm The stirring was then 
stopped, and after a 15-see rest period, a positive-going 
differential pulse Scan was nuhated, with simultaneous 
recording of the resulting voltamperogram 

MFE. Data were obtained by co-depositing the mercury 
film and the trace metals on the glassy carbon disk m the 
following manner The sample (contaming 5 x iOv5M mer- 
cunc mtrate and the s~hca powder) was Introduced mto the 
cell and deaerated by passage of mtrogen for 8 mm Then 
a potential of - 1 05 V was applred, while the solution was 
stirred at 400 t-pm A quiescent solution and a dtfferenttal 
pulse waveform were employed durmg the stnppmg step 

RESULTS AND DISCUSSION 

Fumed silica provides a rapid clean-up of apolar 
matrix constituents Hence, surfactant adsorption 
problems previously reported m ASV measurements 
are ehmmated. We examined the effects of four model 
surfactants at both the HMDE and the IWFE. 

ASV at the HMDE 

Figure 1 shows typical stnppmg voltamperograms 
for a sample containing 1 x lo-‘M zmc, cadmium, 
and lead m the presence of 6 ppm albumin as 
obtained before (b) and after (c) addition of silica 
Also shown is the correspondmg voltamperogram 
without the surfactant and silica, trace (a) Sorption 
effects associated with the hindered transport of the 
metals are severe in the presence of this protein. A 
complete loss of the zmc response and substantial 
suppressions of the cadmium and lead peaks are 
observed [compare (a) and (b)]. This is m agreement 
with earlier observations5 of more severe depressions 
for more cathodic peaks. An anodic shift (ca 50 mV) 
of the cadmium peak 1s also observed. In contrast, the 
collection of albumin onto the silica particles results 
m well-defined ASV peaks, similar to those expected 
m the absence of the surfactant and silica [compare 
(a) and (c)l. No shifts m peak potentials are observed 
Similar observations are noticed m an analogous 
experiment m the presence of 3 ppm Tnton X-100 
(Fig. 2). 

The influence of various experimental variables 
affecting the ASV response in the presence of organic 
surfactants was tested The level of silica to be added 
was evaluated in the presence of 1 x lo-‘A4 lead and 
cadmium and 5 ppm Triton X-100 (not shown). The 
ASV peaks increased rapidly with the silica concen- 
tration, levelhng off at above 50 mg/lO ml. Appar- 
ently, this level provided a complete uptake of Triton 
X-100 from the bulk solution. The maximum lead 
and cadmium peaks were 15 and 5% larger than in 

-lkl -0d -0.6 %4 %.2 
POTENTIAL IV) 

Fig 1 Stripping voltamperograms for 1 x IO-‘M zinc, 
cadmmm, and copper. (a) Analytes alone; (b) same as (a) 
but aher adding 6 ppm albumin; (c) same as (b) but after 
adding silica (100 mg to 10 ml of solution). Deposttion for 
3 mm at - 1.10 V; differential pulse stripping waveform wtth 
10 mV/sec scan-rate and 25 mV amplitude. Electrolyte, 

0 5M KNO, @H 4 5). 

Fig. 2. Stripping voltamperograms for 1 x lo-‘M zinc, 
cadmium, and copper. (a) Analytes alone, (b) same as (a) 
but after adding 3 ppm Tnton X-100; (c) same as (b) but 
after adding silica (100 mg to 10 ml of solution). Other 

conditions as for Fig 1. 
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the absence of s&a and the surfactant. Blank 
v~~~r~~rns, obtained with and without silica, 
indtcated that these higher than expected recovery 
values were not associated with impunties present m 
the silica. Mass transport effects may be one explana- 
tion for the enhancement of the ASV peaks. A similar 
phenomenon was observed m adsorptive stripping 
measurements of orgamc compounds.‘* Such mea- 
surements require a more careful ophmtzation of the 
srhca level (due to possible collection of the analyte). 
The surfactant collection is strongly dependent upon 
the type of sthca employed, As expected, higher 
efficiencies was observed with silica microparticles 
with higher specific area For example, m the presence 
of 5 ppm Tnton X-100 the magnitudes of the cad- 
mium peak were 28, 101 and 105% of the magnitude 
m the absence of s&a and surfactant when 100 mg 
of 255,390, and 400 m*fg silica particles, respecttvely, 
were added. Analogous measurements of lead yielded 
a similar trend 

Figure 3 illustrates the effect of varying the concen- 
tration of Tnton X-100 and Lzqm-Nox, on the 
cadmmm and xmc ASV peaks m the absence and 
presence of silica Severe depressions of the response 
at low surfactant concentrations are observed m the 
absence of s&a (e g., peak drmmutions of 70-99% at 
the 2 ppm level) In contrast, only slight changes m 
the sensitivtty are observed m the presence of sihca 
(up to 10% at the 6 ppm surfactant level). The results 
of similar experiments with gelatin and albumin are 
shown m Fig. 4. Once again, the strongly depressed 
ASV peaks are restored m the presence of silica, (The 
only exception IS the cadmmm response m the pres- 
ence of gelatin, for which up to 30% depression is stall 
observed.) 

A well-defined concentratron dependence and re- 
pr~uclble response provrde the basis for ASV mea- 
surements in the presence of surfactants and silica. A 
senes of seven concentration increments covering the 
range from 3 x IO-*M to 2.1 x 10m7M cadmium, 

Fig. 3. Effect of Tnton X-100 ( x , +, A, A) and L~qw-Nox 
(0, l , Cl, l ) on the stnppmg peaks of t x IO-‘M 
cadmium (0, 0) and zmc (Cl, m) m the absence (x , 0, 
A, a) and presence (+. 0, A, m) of sdtca. Other 

condruons as for Fig. 1 (PH 4.5). Silica level (A), 30 mg/lO ml. 

Fig 5. Stripping voltamperognuns for 1 x lo-‘M cadmium 
and lead in the presence (A) and absence (3) of silica. Tnton 
X-100 levek 0 (a) and 40 (b) ppm. Deposition for 3 tin at 
- I .OS V; differential pulse stripping waveform with 10 
mV/sec rate and 20 mV amplitude. Electrolyte, 0.5M KNO, 

Fig 4 Effect of gelatin (0, 0, 0, a) and albumin 
(x , f, A, A) on the stripping peaks of I x lo-‘A4 
cadmrum (x, f, 0, l ) and =nc (A, A, q I, W in the 
absence ( x , 0, A, Cl) and presenoz (+, 0, A, n ) ofstltca 

Other condttlons as for Fig 1. 

made to a soluuon contammg 5 ppm albumm and 
100 mg of silica, yrelded a linear calibratton plot, with 
a slope of 9.47 PA 1 pmole-‘, an intercept of 70 nA, 
and a correlatron coeffictent of 1.00 The precision 
was estimated from 20 successrve measurements of 
1 x lo-‘M lead, m the presence of 2 ppm Tnton 
X-100 and 100 mg of s&a. The mean peak current 
found was 0 66 PA, w&h a range of 0.63-0.73 @A and 
a relative standard devtatton of 5 5% 

ASV at the MFE 

The ability of fumed silica to “putify” sample 
soluttons from organic surfactants was also tested m 
ASV measurements at the MFE plated PI srtu. Such 
measurements are often less susceptible to the pres- 
ence of organic surfactants (compared to those at 
the HMDE).T Higher surfactant levels were thus 
employed in ~njun~~on wtth the MFE. Ftgure 5 

I I I 
-04 -07 -to -aI -07 -IA 

PolsN7lAl tv) 
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illustrates voltamperograms for a mixture of cad- 
mmm and lead, m the presence (A) and absence (B) 
of fumed silica, as recorded before (a) and after (b) 
addition of 60 ppm Tnton X-100. In the absence of 
sthca, quantification IS not feasible, because of block- 
age of the surface by the adsorbed layer. In contrast, 
the collection of Triton X-100 onto the silica particles 
results m well-defined peaks, similar to those ob- 
served m the absence of the non-tonic surfactant 

Figure 6 shows the effect of four different surfac- 
tants on the cadmium response at the MFE. In the 
absence of sthca, the response rapidly decreases with 
increasing concentratton of Tnton X-100 and Liqtu- 
Nox (with nearly complete disappearance at about 
40 ppm of these surfactants). Less pronounced are the 
effects of albumin and gelatin, with ca 25% peak 
dimmutions at the 60 ppm level The presence of 
sthca, m contrast, results m a highly stable cadmmm 
response over the entire concentration range of the 
four surfactants. A similar trend was observed, m the 
absence and presence of stlica, m an analogous 
experiment for lead, with the same surfactants (not 

Rg 6 Effect of Tnton X-100 (x, +), albumin (0, l ), 
gelatm (0, n ) and Llqm-Nox (A, A) on the cadmium 
response, m the absence (x, 0, 0, A) and presence 
(+, 0, n , A) of 30 mg of slhca per 10 ml Other condrtlons 

as for Fig 5 

shown) Eight successive measurements of 1 x lo-‘M 
cadmium (in the presence of 50 ppm albumin and 300 
mg of silica per 10 ml) yielded a mean peak current 
of 0.796 PA, a range of 0.77-0.81 PA and a relative 
standard devtatton of 2.2% 

In concluston, the results above show that the 
apphcatton of fumed sthca m ASV 1s very promtsmg 
This material rapidly adsorbs a wide variety of large 
orgamc compounds from aqueous soluttons. Hence, 
the addition of silica results m an extremely fast, 
simple and effective approach to ehmmatmg surfac- 
tant mterferences This approach should find wide- 
spread use m ASV and other electroanalytical 
techniques 
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Snnunnry-Tubular aii-s&d-state rodrde and bromrde seieotrve efectrodes wrth channes drrIIed throngh 
the crystafhne heterogeneous membranes have been prepared for use m flow-injectron analysts (FIA) 
The membranes, made wrth AgX/Ag,S powdered mtxtures (X = I, Br) dispersed m a aon-conducbve 
epoxy resin, were assembled mstde a hollow cyhndrtcai support of conductive epoxy resm, The msponse 
charact.ertstIcs of these detectors, m a low-dtsperston FIA system, have been evahutted. Both show 
a Nemstian response over the range between 5 x 10v5 and 0 1M X-, good reproducrbrlrty and fast 
response, which allows a samphng rate of 6O/hr Operauonal pH ranges from 2 5 to 11 and from 3 to 10 
were obtamed for the iodide and bromrde electrodes respectively Iodide must he absent in determmauons 
wtth the brormde electrode 

In previous work,lm3 we developed a ample and m nonconducive epoxy resins as sermon materials 
general procedure for the construction of flow- for ion-selective electrodes.‘2*‘3 Electrodes of classic 
through Ion-selective electrodes of the mobile carrier shape and dimensions with good response character- 
type Sandwich and tubular all-solid-state electrodes istics were obtained. Moreover It was found that the 
were prepared wtth a PVC membrane apphed to a epoxy resin bmds the sensor e&ently, yielding a 
conductrve epoxy resin support. They proved very mater& that has good rn~ha~~l properties and is 
useful m ffow-InJ~tion analysrs (FIA), especially easily moulded and machined. In this paper we report 
for sequentral multidetection? If the electrochermcal the preparation of iodide and bromide sehxtive tubu- 
coated tubular electrodes used by van Stadens4 are lar electrodes wrthout an mner reference solution, but 
excluded, reports of tubular ion-selective electrodes with epoxy resin/crystalline sensor membranes, and 
with crystalhne membranes are scarce 7-9 IIence it the evaluation of their behaviour m unsegmented 
was decided to extend the study of the constructron contmuous fiow systems. A comparrson with classical 
procedure prevrously reported, to mclude that type type electrodes with the same membrane, under batch 
of electrode conditions, 1s mcluded. 

In previous work we prepared ~~staIllne mem- 
brane electrodes of clasncal shaper**” with crystalhne 
sensors applied to the surface of the conductive epoxy 
resm supports This technique is inadequate for 
prepanng tubular detectors, because it ts practrcally 
impossible to coat the inside of a narrow conductrve 
epoxy resin tube with a layer of fresh epoxy resin and 
then to apply the powdered sensor to it, To prepare 
tubular crystalline membrane electrodes, the best 
procedure seems to be to droll a channel in a suitable 
sensor material. With thts purpose m mind, we 
evaluated the use of dnperstons of srlver(1) sulphide 
[or mixtures of silver(I) sulphide with silver(I) halides] 

ExPERiMENTAL 

Electrode comtmtton 

*To whom correspondence should be addressed 
TPresent address Departamento de Q~irni~-F~~ca~ 

Faculdade de Farmacra, P-4000 Porto, Portugal. 

Frgure 1 shows the ~nst~tlon of the sensor umt of the 
electrode. From Perspex tubing (10 mm o d. and 8 mm 1 d ) 
a 4 mm length (I) was cut. A lateral hole was drilled 111 thrs 
rmg and the mner wire of a shrelded electrtcal cable (5) was 
introduced mto It Thts rmg was f&d mth conductme epoxy 
resin (2) and left to dry overnight at 60”. A hole f.75 rm~ 
m diameter was dnlled through the centre of the conductrve 
epoxy resm dtsk and filled with a mixture of a crystalline 
sensor and a non-conductive epoxy resin (see below) After 
drymg under the same cot&tons, both &es of the drsk 
were covered with a thin protecttve layer of nonwductive 
epoxy resin, hnally, a central channel of 0.75 mm diameter 
was dnlled (3), leavmg a sensor membrane (4) of 0.5 mm 
thickness on the intenor surface of the tubmg The mem- 
brane was polished mtb a roiled strrp of abrastve plastic 
paper (Orion 9482-01) 

825 
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Rg 1 Flow-through tubular electrode design. (1) Perspex 
tube, (2) sdver-loaded conductive epoxy ream, (3) flow 
channel (0 7 mm t.d.); (4) sensor membrane (0 5 mm tick- 
ness), (5) shielded electrical cable; (6) Perspex support pieces 

for connectIon to the manifold. 

The sensor element was inserted m a support made of two 
Perspex holders (6 m Rg. I),’ through which the Teflon 
tubes of the flow system were connected to the electrode 
channel by 0-rings With this type of electrode assembly, 
replacement of the sensor umt IS easy and qmck 

Between expenments the electrodes were con&boned m 
lo-‘M pnmary ion solution. For storage over long penods, 
they were kept dry and m darkness 

Apparatus 

Figure 2 shows the tlow mamfolds of the low-Qspersion 
FIA systems used to evaluate the electrode response charac- 
terist1ca 

Soluuons were pumped by a Watson-Marlow 202 U/AA 
penstaltic pump Sample-s were injected urlth an Chnmfit 
four-way manual valve Teflon tubing (0 8 mm ld ) 

F-l 
2 

! 
u 

4 I 

Fig. 2. Flow system manifolds: (A) normal system, (B) 
system for determmatron of Reilley diagrams. (1) Penstaltic 
pump; (2) injectton valve, (3) earthed &unless-steel tube, (4) 
flow-through tubular electrode; (5) reference electrode, 
(6) potentiometer; (7) recorder; (8) sample reservoir (large 
volume); (9) NaOH solution addition; (10) glass and refer- 

ence electrodes for pH determination; (11) pH-meter 

Was used. A double-junction reference electrode (Orion 
90-02-00) with the outer compartment filled with 10% 
potassium nitrate solution was used, inserted in a speolally 
designed flow-through cap: placed m a by-pass connected 
to the ram lme after the measuring electrode An earthed 
tubular piece of stamless steel was inserted in the flow 
system before the detector to mmmuze pulses of static 
electncity. The potential was measured at room temperature 
with a Dlgilab 517 dlgttal potentiometer (sensitivity* 
f 0.1 mv), coupled to a Knauer recorder 

Reagents 
All the chemicals were of analfical-reagent grade. A 

O.lM sodmm iodide stock solution was prepared daily and 
titrated potentlometrlcally (with a silver sulphlde hetero- 
geneous crystalline membrane electrode)‘O with silver nitrate 
(Tltnsol, Merck) A 0 1M sodium brormde stock solu- 
tion was prepared directly from the solid Iodide and 
bromide standard soluhons were prepared by successwe 
ddutlons of these stock solutions and then lomc strength 
was adjusted to 0 1M vvlth potassium nitrate. To stab&e 
the baseline, 10m6 or lo-$M solutions of potassium iodide 
or potassium bromide m 0 lit4 potassium nitrate were used 
as carriers 

To prepare the membrane matenat eqmmolar nuxtures of 
silver(I) sulphlde and silver(I) hahde were used. They were 
mixed with non-conductive epoxy resin (Araldlte M, HR 
hardener, Cuba Geigy, nuxed in 1.0 4 weight ratlo)‘*J3 m 
salt-mixture. resin weight ratios of 6 1 (iodide) and 3 5 * 1 
(bromide) I4 

As a conductive support for the membrane matenal, a 
silver-loaded epoxy resin was used (Epotek 410, from Epoxy 
Technology, P 0. Box 567, Bhlenca, MA 01821, U S A). 
Similar results were obtained with a conductive material 
prepared from a non-conduetlve epoxy resin and graphite 
powder mlxed m a weight ratio of 1 1 Q’~*‘~ 

RESULTS AND DISCUSSION 

Potential response characteristics 

In Table 1, results obtained in repeated cali- 
brations are shown They are representative of several 
electrodes (15 for ioQde and 12 for bromide). 
Results are also given for two different iodide elec- 
trodes to show the degree of reproducibility between 
electrodes made by the procedure above. Systematic 
repeated calibrations were made dunng one month. 
It was found that the electrodes maintained their 
response characteristics for about one year when 
stored dry. 

As Table 1 shows, the calibtation parameters 
(slope and standard potential) vary very little with 
time with no systematic deviation for either the iodide 
or the bromide electrode. The calibration readings 
were very stable during a workmg day (Table 2) 
and these electrodes do not recluire frequent cahbra- 
tion. The reproducibility of the response (potential) 
for successive insertions of the same sample was 
not affected by the concentration of the primary ion 
m the earner solution (Table 3). The values in 
Table 3 were obtained from potential readmgs. If 
peak-heights read directly from the FIA recordings, 
i.e., potential Qfferences between the baseline 
and peak maxima, are used as the basis for repro- 
ducibility evaluation, which is more realistic in FIA, 
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Table I. Parameters obtained in repeated calibrations of the 
eluctrades* 

Days S ED R 

Tubular iodtde electrode 
Urnt A 

0 -599 - 376.6 0.99963 
8 -61 8 - 383.3 0.99998 

2: -60.4 -62.9 - - 382 388.3 4 0.99988 0.99989 
Average? -61.1 rt; 1.0 -383 f 5 

Umt B 

Table 3. Response reproduclhhty of the electrodes* 

Primary ion 
concentration, 

M 

Sample Carrier 

10-4 10-J 
10-S 10-S 
IO-2 lO-’ 

IO-’ 10-G 
IO-’ 10-e 
IO-’ 10-e 

EIcctrode 

Iodide 

-144.1 f0.6 
- 198.8 f 0.4 
-254.9 * 0.7 

- 135.4 f 0.4 
- 195.4 f 0.8 
- 255.2 jI 0.6 

Bromide 

79.2 f 0 6 
19.2 It 0.6 

-388f0.4 

79.9&06 
16.9 f 0 3 

-409*07 

0 -59.5 - 372 4 0.99878 

: -61.5 -60.9 -3810 -382.9 0.99969 0.99939 
24 -61 5 - 384.7 0.99979 

Average? -60 8 f 0.9 -380&S 
Convenhonal 

electrode# - 58.2 ;t 0.3 -3942 1 
Theoretical 

=luess -592 -391 

Tubular brormde electrode 

1: -60.0 -574 - - 170.0 172.3 0.99975 0.99999 

:: -57.9 -58.3 -170 -173 3 1 0.99992 0.99989 
32 -58.3 - 169.0 0.99976 

AveraH -59.0f 1.0 -172Jr3 
Conventional 

electrode$ -571*05 -166fl 
Theorehcal 

=l=ss -592 -165 

*Potenhal US. lo&rnnary ion], at Z = 0.M; S = slope 
(mV/&cadc); E” = standard potenhal (mV us. SCE) at 
Z = 0; R = correlation coeffiaent. 

tWttb standard deviation. 
$Normal size electrode, calibrated m stahc conditions 
$Calcuiated m ref. 16 

the reproducihhty is better than that showh in 
Table 3. 

Under the low-dtsperion cenditlons used (floiv- 
rate 4.4 ml/min, injection volume 150 ~1, tubing 
length 32 cm; carrier solution 10e6M potassium 
iodide or bromide in O.lM potassium nitrate solu- 
tion), the potential response was linear between 
5 x 10ms and 0.M for both types of electrode. When 
the lower lirmts of hnear response of these electrodes 
under dynamic conditions are compared with those 
of conventional electrodes under static conditions,‘” 
the tubular electrodes have definitely shorter ranges 
of linear response. 

*Readings m mV (us. SCE), at Z = 0 1M; average of 10 
readings f standard deviation. 

Dynamics of the electrode response 

Response times of the electrodes are shown in 
Table 4, as the periods reqmred to reach 63 or 95% 
of the steady-state signal.* Response times were 
similar for both kinds of electrode and for the 
two primary Ion levels m the carrier solution. 
However, the time of return to the baseline decreases 
with increasing concentration of the primary ion 
in the tamer solution, as shown m Table 5 For the 
least favourable case, i.e., the mdtde electrode m a 
carrier solution contaming lO-‘jM potasium iodide, 
sample throughputs of 6O/hr are possible. The small 
decrease m the response time observed with increas- 
ing sample concentratzon can be attnbuted to the 
increasing response rate of the sensor itself, whereas 
the time of return to the baseline is probably dictated 
by the hydrodynamxs. It should be stressed that 
electrodes with a membrane thickness of 1 mm had 
response and ~tum-to-ba~line times longer than 
those reported m Tables 4 and 5, which refer to 
electrodes with membranes 0.5 mm thick. Different 
electrode lengths (4, 6 and 8 mm) were studied, but 
the best dynamtc response characteristics were 
obtained for a length of 4 mm, especially at high 
~n~ntratlons of the primary ton. 

Interferences 

The effect of pH on the response of these tubular 
electrodes was the same as for electrodes of con- 
ventlonal co~~mtlon under static conditions.i3 
Operational pH ranges from 2.5 to 11 and from 3 to 
10 were obtained for the iodide and bromide tubular 
electrodes respectively. However, at high and low 
values of pIi, the grounded stainless-steel tube was 

Table 2. Potential readings of the bromide electrode durmg calibrations 
reseated m the same day* 

Primary ion 
con~n~ation, 

M 

10-4 

10-3 10-Z 
10-I 

Calibration 

1 2 3 4 5 

67 68 69 68 69 

8 7 -4: -4; -49 -49 -4; 
-107 -108 -108 -108 -108 

*Readings m mV (vs SCE), at Z = 0 1M Gamer composition O.lM 
KNO,; [I-] = 10-6M 
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Table 4 Response time of the electrodes* 

Prtmary ton 
concentration, 

M 

Sample Canter 

10-d 10-h 
lo-’ 1o-6 
10-r IO-6 

10-4 IO-5 
10-3 10-r 
10-Z 10-r 

Iodide Bromide 

63% 95% 63% 95% 

086kOO3 35*02 107*006 47*04 
05+02 2 0 f 0.3 043+0.06 2.3&O 1 
05*02 16&-03 027fO06 13kO 1 

0 95 + 0.05 37+02 14+02 57f06 
0 34t 2 0t 053+006 29*05 

0 5 + 0.25 17&02§ 03*01 14*01 

*Ttme (set) required to reach the stated percentage of the steady-state 
response (I= 0 1M); Average of 3 determmattons 

tone determmatton 
§Two determmattons 

Table 5 Ttme (set) for return to baselIne* 

Prtmary ton 
concentration, 

M 

Sample 

1o-4 
lo-’ 
10-r 
1o-4 
lo-’ 
10-r 

Carrter 

10-6 
1o-6 
10-h 
1o-5 
10-S 
lo-’ 

Electrode 

Electrode 

Iodtde 

42 f 4 
55* 1 
68 f 2 

93+06 
145*05 

21 lf2 

Brormde 

137206 
173*08 
225+09 

83kO2 
14+ 1 

215&05 

*Tubular electrodes of length 4 mm and membrane thtck- 
ness 0 5 mm, used at constant ionic strength (Z = 0 IM), 
averages for 3 deternunations 

responsible for a parasitic potential that modified the 
potential signal 

Table 6 shows the interference effect of several 
ions on the response of the electrodes, as selec- 
tivity coefficients determined by the separate solu- 
tions method, followmg a previously reported 
procedure ’ The Interferences observed m thts study 
are similar to those obtained with the correspondmg 
conventtonal membrane electrodes under static 
condtttons.” 

CONCLUSIONS 

The procedure described for the construction of 
tubular all-solid-state electrodes with crystalhne het- 
erogeneous membranes IS simple, general and mex- 
penstve It provides an easy way of using membranes 
based on crystalline sensors, m potenttometnc tubu- 
lar devices for contmuous-flow measurements. As 
any disturbance introduced mto the hydrodynamic 
flow by tubular electrodes 1s expected to be small, this 
type of detector 1s especially suitable for multipara- 
metric detection m FIA. 
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[I-l = [x-1,t CI- 
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X- 

SCN- 
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191x10-3*4x10-5 

[Br-] = [x-l,? 

10-d 
10-I 
10-Z 
10-l 

I- 

htgh 
ht Bh 
htgh 
htgh 

Cl- SCN- 

9 x IO-2 f 2 x 10-Z 4 3 x 10-l f 1 x 10-Z 
1 4 x IO-2 & 2 x 10-3 1 5 x 10-I * 1 x 10-r 
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Summary-The complexatton eqmhbna between niobmm(V) and 4-( l’H-1’,2’,4’-tnazolyl-3’-azo)-2- 
methylresorcmol has been studred by spectrophotometnc methods and graphical and numertcal calcula- 
tton methods. The 1 2 Nb: R complex spectes formed at pH 6 2 (6 -2 16x 10’1 mole-‘.cm_lat49Onm) 
allows the determination of 0.15-2.50 ppm Nb A 1 1 Nb*R complex species can be. extracted into 
n-butanol from O.l-l.SM hydrochlonc acid (6 = 1 28 x 10’ 1 mole-’ cm-’ at 510 nm) and Beer’s law IS 
obeyed over the range 0 77-4.64 ppm Nb. Interferences and their ehmmatton have been studied and the 
methods applied to the determination of mobium m pyrochlore-bearmg ores 

The area of application for niobium IS expanding and 
m addition to its long use as an alloying element, 
niobium IS of growing importance m reactor technol- 
ogy, electronics, and refractory alloys for aerospace 
proJects, and some alkali-metal niobates are now 
being used m laser technology. This increasing appli- 
cation has resulted in greater interest m analytical 
methods for mohum, the analytical chemistry of 
which is complicated; in particular, methods for its 
colorimetnc determmation have always presented 
difficulties. 

The azo-dyes form a very interesting class of 
reagents for the photometnc determination of nio- 
bmm.‘~* New heterocyclic azo compounds synthesized 
during the past few years have proved valuable for 
the rarer elements. In particular, pyridylazo and 
thiazolylazo derivatives have attracted much atten- 
tion, because their complexation behaviour is often 
peculiar.“’ 

As can be seen m Table 1, several pyndylazo and 
thiazolylazo derivatives have been used as photomet- 
ric reagents for niobium but generally no equilibrium 
studies have been performed. Siroki and Djordjevic’* 
have studied the complexes formed in the systems 
Nb(V)/PAR/oxalic acid and Nb(V)/PAR/tartanc 
acid and extracted into chloroform m the presence of 
tetraphenylphosphonmm and tetraphenylarsonium 
chlorides, and Albrecht-Gary et al I9 have made a 
thermodynamic and kinetic study of the complexa- 
tion of Nb(V) by PAR and developed a kinetic 
method for the determination of trace mobmm. 

As part of a study on the application of thlazoly- 
lazo and benzothiazolylazo derivatives of phenols, 

synthesized m our laboratory, as reagents for 
niobium it was found that 2-(2’-thiazolylazo)- 
4,5dimethylphenol, 4-(2’~thiazolylazo)-2-methylre- 
sorcmol, 3-(2’~tmazolylazo)-2,6-dihydroxypyridine, 
3-(2’-thiazolylazo)-2,6-dihydroxybenzotc acid and 
their 4’-methyl and 4’,5’-dimethyl derivatives, and 
2-(2’~benzothiazolylazo)~4-methylphenol and its 4’- 
chloro and 4’-bromo derivatives react with Nb(V) to 
give complexes having colours which are not very 
different from those of the reagents (A12 Q 50 nm) at 
a given pH value. Only the reddish-orange Nb(V) 
complex of 4-(l’H-1’,2’,4’-triazolyl-3’-azo)-2-methyl- 
resorcinol, TrAMR,% clearly differs from the yellow 
colour of the reagent alone m the same pH range, so 
the Nb(V)/TrAMR system has been chosen for fur- 
ther study, and photometric and extraction- 
photometric methods for niobium with TrAMR as 
the reagent have been developed and applied to the 
analysts of niobium ores 

EXPERIMENTAL 

Apparatus 

Beckman 25 and Perkm-Elmer 550s recordmg spec- 
trophotometers wtth l-cm and 4-cm matched sthca cells 
were used for absorbance measurements A Radtometer 
FHM64 dtgttal pH-meter with a glass-calomel combmatton 
electrode was used, and also a Selecta Vibromatic mechan- 
tcal shaker Calculattons were performed on a Dtgttal 
VAS/VMX 1 l/740 (v 4 0) computer 

Reagents 

Soluttons were made of TrAMR (1 0 x 10-3M)M m abso- 
lute ethanol, niobium(V) (2 0 x lo-‘M) m 1 OM tartaric 
acid,” sodium fluoride ( 10-2M), boric acid (saturated), and 
thtoglycollic acid (80%). and dtluted as requtred A pH 6 2 
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Table 1 Pyrrdylazo and thmzolylazo dertvatrves as photometrtc reagents for mobturn 

Reagent 
pH or acid 

concentration I, nm 
6, 

IO4 I mole-’ em-’ References 

4-(2-Pyrrdylazo)-resorcmol 58 550 3 87 56 
58-65 551 3 12 7 

0 05-1M H,SO, 530 1 65 8 
:y 590 547 3 3 23 35 10 9 

I-(2-Pyrrdylazo)-naphthol 2 (&O,) 
540 2 33 11 
550 145 12 

3 75M H,SO,§ 580 - 12 
4-(2-Thtazolylazo)-resorcmol 5-6 550 2 96 6,13 

1 8M HClt. 570 - 14 
2-(2-Thtazolylazo)-5-drethylammophenol 5 560 26 15 

4G50 590 - 16 
2-(2-Thmzolylazo)-5-drmethylammophenol 3 2-3 8 603 48 17 

*In the presence of hydrogen peroxtde 
tNtobmm prevtously extracted with N-phenylhydroxylamme/CHCl, , reaction m the organic phase 
QExtractron of the complex with N-benzylamlme/CHCl, 
SExtractron of the complex wrth N-benzoylphenylhydroxylamme/CHC1, 

hexamme/perchlonc actd 1 4M buffer solutron was used as 
Indicated The tonic strength was mamtamed constant at 
0 25M by addttron of suitable amounts of 2 5M sodmm 
perchlorate 

Analytrcal-reagent grade chemrcals and doubly drstrlled 
water were used, with no further punficatron 

Derermmatron of mobrum m homogeneous medium 

To the sample, containing 3 75-62 5 fig of mobmm m not 
more than 0 005M tartanc acid, add 2 ml of lo-‘M 
ethanohc TrAMR solutron, 1 ml of 1 OM tartanc actd, 2 ml 
of 10-2M DCTA, 0 5 ml of throglycolhc acid solutron, 1 ml 
of IO-‘M sodmm fluonde and 2 ml of saturated boric actd 
solutron, and heat at 80” for 45 mm m a water-bath Then 
transfer to a 25-ml standard flask, add 2 4 ml of 2 5M 
sodmm perchlorate, 2 5 ml of pH 6 2 hexamme/perchlorrc 
actd buffer and make up to the mark with dtsttlled water 
Measure the absorbance at 490 nm agamst a reagent blank 

Determrnatlon of mobturn by the extractlon-spectro- 
photomerrtc method 

To the sample, contammg 3 9-54 2 pg of mobmm m not 
more than 0 OOSM tartanc acid, m a screw-cap centrifuge 
tube, add 2 ml of lo-‘M ethanohc TrAMR solutron, 0 4 ml 
of 1 OM tartanc acid and 1 ml of 2.5M hydrochlortc acid, 
let stand for 20 mm, then make up to 10 ml with dtsttlled 
water, shake this with 10 ml of n-butanol-ethanol mixture 
(8 2 v/v), for 10 mm, centrifuge for 10 mm, and measure the 
absorbance of the organic layer at 510 nm agamst a reagent 
blank 

Determrnatlon of nrobrum m pyrochlore-bearmg ores 

Weigh accurately 0 5 g amounts of the ore, dtssolve them 
according to Sanz Medel and Diaz,22 and make up to 
volume m a IOO-ml standard flask with 1 OM tartartc acid 
Analyse suitable ahquots by the methods above 

RESULTS AND DISCUSSION 

4-(1’H-1’,2’,~-tr~azolyl-3’-azo)-2-methylresorc~nol, 
TrAMR, behaves as a hexabasic acid, the pK, values 
and optical characteristtcs of whlchzO are summarized 
m Table 2 

Complex formatton in homogeneous medwm 

In a 4% v/v ethanol-water medium at I = 0 25M 
(NaClO,) TrAMR and Nb(V) react only m acidic 
medta, pH 0 5-2, but once the complex has formed 

the pH of the solution can be lowered or raised to the 
desired pH value, grvmg orange-red solutrons. 

The absorptron spectra show an absorptron maxr- 
mum at 445 nm for pH < 3 and another maximum at 
490 nm for solutions at pH > 4.5, Ftg 1 In 
2 5 x lo-*M tartanc acid medium the absorbance 
remains stable for more than 24 hr, Fig. 2 The colour 
develops very slowly but heating at 80” for 45 min 
gives maximal and stable absorbances, Fig. 2 

The absorbancejH+] curves for several C&a 
ratios, Fig. 3, mdtcate that complex for-matron begms 
at Ho < -2, and the appearance of two steps indr- 
cates the formatton of at least two complex species 
Investrgatton of the storchiometry at pH 1.3 and 6.2 
by the continuous-vanatrons and mole-ratio methods 
show the formation of 1 1 and 1:2 Nb:R complex 
species, Fig 4 

To calculate the stability constants of the species 
formed the method of Sommer et al 23-25 for graphical 
analysis of the absorbance-[H+] plots was used, and 
gave log Pi41 = 30.8 + 0.1, log fl{r2 = 62.3 + 0.1 and 
log@;,=578_+01. 

The expenmental A-[H+] data were next analysed 
by applying the LETAGROP-SPEFO program,26 for 

Table 2 Opttcal characterrstrcs and pK, 
values of 4-(4’H-1’,2’,4’-tnazolyl-3’.azo)- 

2-methylresorcmol 

Species A,,, nm PK, 

H,R’+ 390 

HrR’+ 405 

H.,R+ 375 

H,R 360 

H,R- 445 

HR*- 425 

R”- 465 

pK,, = -7 32 

pK,,= -330 

pK,, = 0 80 

pK, = 5.73 

pK,, = 8 43 

pK,,= 11 13 
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350 450 550 650 

x 

Ftg 1. Absorption spectra of the Nb(V)-TrAMR system 
at pH=62 (1) C,,=2 x IO-‘M, C&=4X IO-‘M, (2) 
1&=2x 10-5M, &=8x 10-5M, (3) &,=&=4x 
10-~,i4, (4) C,, = 8 x 10-4M, C, = 4 x 10e5M, at 
pH = 1 5 (5) C,, = 10-sM, C, =4 x 10-SM, (6) C,, = 
C, = 2 x IO-5M, (7) c,, = 4 x 10_4M, c, = 2 x lo-‘M 

whtch the results obtained by the graphical analysis 
were used as startmg values, and the species model 
was modified by mtroducmg new species m order to 
ascertam which of the proposed models gave the 
munmum sum of the squares of residuals, U, and of 
the standard deviation, a(A). 

To simplify the calculattons, the curves for excess 
of N\>(V) and for excess of reagent were analysed 
separately. From the analysts of the curves for Nb(V) 
m excess, the best fit was obtained for the model 
containmg the species (NbO)HR (log /?;,, = 27.97 f 
0.25, L = 17206 + 277) and (NbO) (0H)HR (log 
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Fig 2 (1) Influence of tartanc acid concentration (m) on 
complex formatlon at pH = 1 5 (C,, = IO-‘M, C, = 
3 2 x 10e5M) Influence of temperature on complex forma- 

tion at pH 1 5 and (2) lOO”C, (3) 80°C (4) 50°C 

lo- 

06 - 

06- 

A 
04- 

02 - 
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I I I I I I I I 
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PH 

Fig 3 Absorbance-jH+] curves for the Nb(V)-TrAMR 
system at 490 nm C, = 4 x lo-‘M, C,, = (1) 1 6 x lo-‘A4, 
(2) 8 x 10-4M, (3) 4 x 10-4M, (4) 4 x 10-‘&f, (5) 
C R = 6 x 10-sM, C,, = 10-5M, (6) C, = 4 x 10-SM, 

C Nb =o 

/I_,,r = 18.86 & 0 22, 6 = 11297 f 177) simulta- 
neously, for which U = 4 1 x 10m3 and a(A) = 0 035 
However, with the curves for reagent m excess, owmg 
to the calculational hmltations of the program, only 
the presence of the specres (NbO)H,R, (log f3;,* > 55) 

b 

Fig 4 Stolchlometry of the complex species m aqueous media 1= 490 nm, (1) C,, = const = 2 X 1O-‘M. 
(2) C, = const = 4 x 10v5M, (3) CNh + C, = 4 x 10e5M, (a) pH = 1 3, (b) pH = 6 2 
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Table 3 Interference levels of forqn ions m the determmation of traces of niobium by both methods 

Tolerance ratio 
[~onl/l?JbOl* 

1OOOt 
100 

60 
50 

20 
10 
1 

il 

Homogeneous 
medium method Extraction method 

Tartrate, halides, mtrate, oxalate, EDTA, DGTA 
Ca, Mg, Cd§, Hg(II), Ca, Mg, Cd, Hg(II), Pb, 
Pbs, Sn(II), Ag, WI), WI), Ag, VW), WW), 
W(VI), Al, 31, Sb(II1) Al, Bl, Sb (III) 
NI§, Co& Zn§, NI 
;%&(Iw. V(v), Cu, Co, Zn, 

Mo(VI), n(IV) 
Mn(II)# Mn(I1) 
Fe@I)i 
Zr(IV)ll 
Ta(V) 

Fe(II1) 
Zr(Iv) 
Ta(V) 

l Nb(V) taken 1 11 ppm 
tManmum amount tested 
§In the presence of DCTA 
$In the presence of thloglycolhc acid 
IlIn the presence of sodmm fluonde and bow acid 

and (NbO)H,R2 (log p&z > 55), for which U = Extraction-spectrophotometrrc determmatlon of nro- 
4.5 x lo-* and o(A) = 0 11, could be estabhshed. brum 

To simplify the calculations for Nb(V) m excess the 
presence of tartanc acid and therefore the possible 
formation of ternary tartrate-containing complexes, 
has not been taken mto account, since the stability 
constant of the Nb(OHXHT complex is Iow.~’ Hence 
the stability constants are designated as fl’, to mdi- 
cate that they are conditional constants 

Spectrophotometric determrnatlon of niobwm in homo- 
geneous medrum 

Even though the spectrophotometnc method de- 
veloped for niobium with TrAMR as the reagent m 
homogeneous solution at pH 6.2 seems rather selec- 
tive and sensitive, the combination of complex forma- 
tlon and extraction into orgamc solvents seemed to be 
advantageous to improve the selectivity. Thus a direct 
extractlon-spectrophotometnc method for niobium 
determination was developed. 

In a 4% v/v ethanol-water medium, 0.045M m 
tartaric acid, at pH 6 2 (hexamine-perchloric acid 
buffer) the Nb-TrAMR system conforms to Beer’s 
law between 0 15 and 2.50 ppm mobmm, urlth a 
molar absorptivity of 2.16 x lo4 1 mole-’ .cm-’ at 
490 nm, and 0.52-1.86 ppm Nb as the optimum 
concentration range for the determination, as evalu- 
ated by Rmgbom’s method2* with 0 04% as the 
photometric error In the presence of 8 x 10b2M 
DCTA the molar absorptivity decreases somewhat, 
to c4W = 1 99 x lo4 1 mole-‘.cm-’ 

Previous tests had shown that the Nb-TrAMR 
complex could be extracted from acldlc media into 
several organic solvents, of which n-butand gave the 
highest senatlvlty, wtth stability for more than 48 hr, 
and the extraction was complete after 10 min of 
mechanical shaking. However with any orgamc 

The spectrophotometnc determination can also be 
performed at pH 1.3 (sodium perchlorate/perchloric 
acid) but the molar absorptivity 1s much lower, 
c4W= 8.15 x 10) l.mole-‘.cm-‘, and Beer’s law is 
obeyed only between 0 5 and 2 5 ppm Nb Thus no 
further studies were made of this determination. 

A statistical study on analysis of 11 samples, each 
containing 1 20 ppm Nb, at pH 6.2, gave 1.20 ppm 
as the mean value, 0 032 ppm as the standard devia- 
tion and 0 6% as the relative error (P = 0 05). 

05 

A 03 

0.1 

The results obtained in a study of the interferences 
Hrlth the spectrophotometnc method at pH 6.2 are 
shown m Table 3. Cd(H) and Pb(II) up to a 

Chl&, = 100 ratio and Ni(II), Co(II), Zn(I1) and 
Mn(I1) up to a 60/l ratio can be tolerated in the 
presence of 8 x 10e2M DCTA, Cu(I1) up to 50/l 
ratio m the presence of 0.25M thloglycolhc acid, and 
Fe(II1) up to a 50/l ratio with sodium fluoride and 
boric acid used as masking agents 

x 

Fig 5. Absorption spectra of the complex extracted into 
n-butanol. C,.,,-, = 0.3M* (1) CR = 4 x 10w5M, C,, = 0; 
(2) CR==4 x lO’JA4, &,= 1.6 x 10-4M; (3) CR = C,, = 
4 x lo-‘M. c, = 2 x 10-‘&f; CNb = 4 x lo-5M: (4) 
&cl = 0.3M; (5) C,,, = 1 94; (6) r&o, = 0 3M, (7) 

C “c,OI = 0.3M 
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Rg 6 (1) Extractton of the complex mto n-butanol as a Ftg 7 Stotchtometry of the spectes extracted at 510 nm and 
functton of the actdity of the aqueous phase, 445 nm, 
C, = 4 x 10-sM, C,, = 1.6 x IO-‘M (2) Plot of log D us 

pH, 1 3. (1) C,, = const. = 1 x lo-‘M, (2) Ca = const. = 

pH for TrAMR, C’s = 1.7 x 10msM 
1 x IO-‘M, (3) c,, + c, = 1 x lO_‘M 

Table 4 Determmatlon of mobmm m pyrochlore-bearmg ores 

Niobmm found 

Certified Homogeneous Extraction 
Sample value method method 

Bmulated* 1 11 ppm 1 10, 1.10, 1 11 ppm 1 11, 1 10, 109 ppm 
OKA-1, No 56 0 36% 0.37, 0.35, 0 37% 0 34, 0 34, 0 35% 
OKA-1, No 82 0 36% 0 34, 0 36, 0 35% 0.36, 0 35, 0 37% 

‘NbO 1 11 ppm, Ni 2 24 ppm, TI 10.1 ppm, Mn 5 0 ppm, Fe 2 5 ppm, BI 2.0 ppm, 
Sn(II) 5.0 ppm, Co 10.0 ppm, V(V) 5 0 ppm, m a CaCO, matnx 

solvent the complex has to be formed m the aqueous 
phase and then extracted. If the extraction is done 
wtth a solution of TrAMR m the organic solvent the 
process becomes so slow that the method is of no 
practical interest 

TrAMR IS extracted into n-butanol over a wide pH 
range from H, w - 1 to pH 1, and the extracts show 
an absorptton maximum at 380 nm, mdicatmg that 
the H.,R+ species of the reagent, probably extracted 
as an ionic pair, 1s involved (Table 2) and from the 
plot of log D vs. pH, Rg. 4, log KD = 1.93 can be 
deduced; pK,, = 0 80 was also calculated, in good 
agreement with the spectrophotometnc value. 

For adJustment of the acidtty of the aqueous phase, 
several acids were tested, Fig. 5; hydrochloric acid 
gave the highest absorbance for the extract. The 
complex could be extracted from aqueous soluttons 
containing excess of reagent into n-butanol, over the 
range 0. l-l .5M hydrochlonc actd, Fig. 6, and had its 
absorption maximum at 510 nm. It 1s necessary to 
have some ethanol (920% v/v) m the medium to 
obtain maximum and stable absorbance of the or- 
ganic layer. 

The stoichiometry of the extracted species was 
established as 1: 1 by the continuous-variations and 
mole ratio methods, Fig 7 

The extracted species obeys Beer’s law between 
0 39 and 5.42 ppm of niobium, wtth 0.77-4.64 ppm 
as the optimum range as evaluated by Ringbom’s 
method,** and 1.28 x lo4 1 mole-’ .cm-’ as the molar 
absorptivity at 510 nm, somewhat higher than that of 
the complex developed in homogeneous acidic 
medium, but lower than that m the determination at 
pH 62. 

A stattstical study on eleven samples, each contam- 
mg 3.09 ppm Nb, gave 3.08 ppm as the mean value, 
0.027 ppm as the standard deviation and 0 06% as 
the relative error (P = 0.05). 

The influence of some foreign ions is shown in 
Table 3, where they are compared with the mterfer- 
ences m the method at pH 6 2 The tolerance levels 
are similar but the extractton-spectrophotometric 
method does not need the use of the masking agents 
used m the method at pH 6.2 to achteve the same 
tolerance levels. 

Both methods were applied to the determmation of 
mobmm in a simulated sample and in two samples of 
niobium ores (OKA-1, pyrochlore type in a calcite 
matrix, CANMET). The results are shown in Table 
4, and good agreement can be seen between our 
values and the certified ones 
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~~~-The actd-base eqtnhbna of a serves of ~nz~l~pln~ m a~tonItnle have been stu&ed, and 
pKHs+ values determined The theory of such htratlons IS dlscussed and simple potenttometrlc and Msual ..- 
methods in acetomtnle media arc proposed for 
formulattons 

The benzodiazepmes are among the most frequently 
prescribed drugs for the treatment of anxiety, sleep 
dtsturbance and eptlepsy They are also used m the 
treatment of alcohol withdrawal, to relieve tension m 
the preoperative pertod and to mduce amnesta m 
surgtcal procedures 

A knowledge of the structure of benzodrazepme 
spectes m media of physiologtcally relevant pH IS of 
value m determining the degree to which they are 
absorbed by body organs and how they permeate 
cell membranes Plasma protein bmdmg of benzo- 
dtazepmes has been found to depend on pH but not 
on concentratton.‘** It has been shown, however, that 
water may not be an ideal model for the zn uzvo 
reactions The pK, values of drugs m hologrcally 
important media are often very lfferent from those 
m water, as these media tend to be lipophrhc. 

Benzodtazepmes are baste drugs As free bases they 
are hptd-soluble and water-msoluble and thetr be- 
havtour m plasma samples 1s closer to that m alcohol 
than that m water 3*4 It has been suggested5 that 
non-aqueous media could provide a better model for 
the m vzvo reactions In addition to the pharmaco- 
logical interest of such information, data are obtained 
which are necessary for determmatton of the best pH 
ranges for extraction of the drugs and their metab- 
ohtes from body flmds It IS as neutral molecules that 
benzodlazepmes are generally extracted from body 
fluids mto non-aqueous solvents 3 Further, the 
retentton-time m HPLC can be predicted to a large 
extent from the pK& of the analyte 6 

Acetomtrtle 1s one of the most important &polar 
aprottc solvents and is used extensively as a reaction 
medium for mechanistic studies, as well as m electro- 
chemistry and liquid chromatography It owes its 
manifold applications m such drverse fields to tts 
physical charactertstics,’ namely that tt IS a constder- 
ably weaker base and a much weaker acid than 
waters9 and has a relatively high dielectrtc constant 
(c- = 36 0) The cumulative effect of these factors 1s 
that acetomtnle acts as a strongly differentiating 
solvent, as reflected by Its small autoprotolysts 
constant (pKn, = 33 6) ’ lo These properttes are 

the assay of benzod&e&nes m pharmaceutrcal 

accompanted by only a modest solvatmg power for 
many polar and tonic solutes s9 

This paper describes an exammatton of the 
acid-base equthbna of a senes of benzodtazepmes 
(Table 1) m acetomtrile by potenttometnc methods 
p&a, values have been determmed and predictions 
can be made about the probable sites of protonatton 

Although rapid methods for the determination of 
benzodmzepines m various biological fluids are re- 
quired for chnrcal, toxicological and pharmaceutical 
studtes,” raped and simple quallty~ntrol methods 
for their assay m formulattons are also of interest 
The theory of non-aqueous acid-base trtrattons for 
the purpose IS discussed and simple potenttometnc 
and visual methods are proposed for the assay of 
benzodtazepmes m pha~a~utl~l formulattons 

EXPERIMENTAL 

Apparatus 

For potentrometnc titrattons, a Crison 2002 pH-meter, a 
Radiometer G202C glass electrode, and the Pleskov 
(Ag/O OlM AgNO, m acetomtnle) reference electrode mth 
0 1M tetraethylammomum perchlorate m acetomtnle as salt 
bndge, were used ‘* 

Reagents 

Acetonnnle (Merck, for chromatography), nl~omethaae 
(Fluka, analyttcal grade), perchlotlc acid (Carlo Erba, 
RPE-ACS grade), 0 1M solution m mtromethane, picnc 
acid (Doesder, analytical grade, vacuum dned), tetraethyl- 
ammonmm perchlorate (Carlo Erba, RS grade), tetra- 
butylammonmm hydroxide, TBAH, 0 IM solution m 
propan-2-01 (Carlo Erba, RPE grade) Purified samples of 
tbe benzodlazepmes were obtained from Roche (Mad~d), 
Prodesfarma and Almlrall (Barcelona) pharmaceutical 
laboratorles 

Structure and nomenclature 

Most benzodmzepmes can be structurally generalized by 
the formula shown m Rg 1 Chlordlaze~xlde, clotutzepam 
and bromazepam show varlatlons on the general structure, 
and are represented m Fig 2 The substltuents at key 
posItIons of the compounds studled may be found from the 
systematic names m Table 1 

Determtnarzon of the standard ~tentIaI 

The glass electrode was cahbrated by tltratlon of 
5 x 10-sM plcrlc acid m acetotutnle, with TBAH, as 

TAL 46’8--c 837 
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Table 1 Systematic names of benzodiazemnes 

1 Medazepam 7-chloro-2,3-dihydro-l-methyl-5-phenyl-lH-l,4-benzod~azep~ne 
2 Chlordrazepoxtde 7-chloro-N-methyl-5-phenyl-3H-1,4-benzod~~p~n-2-am~ne 4-oxide 
3 Clottazepam 5-(2-chlorophenyl)-7-ethyl-1,3-d~hydro-l-methyl-2H-th~eno [2,3-e]-1,4-dmzepm-2-one 
4 Bromazepam 7-bromo-l,3-d~hydro-5-(2-pyrydmyl)-2H-1,4-benzod~azepm-2-one 
5 Diazepam 7-chloro-l,3-d~hydro-l-methyl-5-phenyl-2H-1,4benzod~azepm-2-one 
6 Nitrazepam 1,3-dihydro-7-nltro-S-phenyl-2H-1,4-benzodlazepln-2-one 
7 Flumtrazepam 5-(2-fluorophenyl)-1,3-d~hydro-l-methyl-7-n~tro-2H-1,4-benzod~azepm-2-one 
8 Oxazepam 7-chloro-l,3-d~hydro-3-hydroxy-5-phenyl-2H-1,4-benzodlazepm-2-one 
9 Clonazepam 5-(o-chlorophenyl)-l,3-d~hydro-7-nltro-2H-1,4-benzod~azep~n-2-one 

10 Lormetazenam 7-chloro-5-(2-chlorophenyl)-1,3-d~hydro-3-hydroxy-l-methyl-2H-l,6benzod~azeutn-2-one 

where o represents activity and y the molar acnvtty 
coefficient 

If the electrode system IS calibrated, aHS+ can be calcu- 
lated from the Nernst equation, [HB+] and [B] are com- 
puted from the analytical concentratton of benzodmzepme, 
taking mto account the dtssociatton of the salt,8 and the 
acttvtty coefficients are calculated from the reduced Debye- 
Huckel equatton. Is From these values, the pK of the base IS 
computed for each pomt of the titration 

Rg I Molecular structure of benzodtazepmes 
RESULTS AND DISCUSSION 

reported previously “‘* A BASIC computer program, 
ACETERIS0,r3 was used to calculate the standard po- 
tentials m actdic and basic media From the actdic and 
basic potential values m acetomtrtle (Et = 657 & 2 7 and 
Ei = 1329 f 9 mV), the autoprotolysts constant of the 
medium can be calculated The average value, pKus = 33 58, 
agrees with the values reported prevtously,tO ‘* I4 

Determmatlon of dlssoctatton constants 
The dtssoctatton constants of the benzodtazepmes were 

detennmed by potenttometnc tttratton of then 5 x lo-‘M 
soluttons m acetomtnle with 0 1026M perchlortc acid m 
mtromethane, at 25 0 f 0 02” 

The computer program ACETERISO was used to calcu- 
late KHB+ m acetomtrtle, from the relationship 

K 
PI YB 

“B+ 
-- 

= ‘“S+ [HB+] y”,, 

NH--Ha I 

0 N5 
-N 

CL 

% 

‘0 
0 

(a) 

The pKua+ values m acetomtnle were determined 
by usmg equatton (1). The results are summarized m 
Table 2. 

In solvents of relatively htgh drelectnc constant, 
such as acetomtnle, m which per-chlorate salts can be 
considered completely dtssoctated, the pH at 50% 
neutralizatton, pH,,,, IS equal to pK,,s+ tf activity 
coefficients are neglected, even though homoconJu- 
gated specres are present B In our work, acttvtty 
coefficrents are considered and the resulting pHHNP 
and pK,,+ values are shown m Table 2. 

All protonated benzodtazepmes are much weaker 
acids m acetomtrile than m water, Table 3. Although 
the influence of the solvent IS complex, the dominant 

0 

N /o; 0 -5 
-N 

Br 

c 0 N 

Rg 2 Structure of (a) chlordmzepoxtde, (b) clottazepam, (c) bromazepam 
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Table 2. Dlssoclatlon constants, p&,+ , and effectwe acldltles, pKH,+ , for 
protonated benzodmzepmes m acetomtnle 

Compound E HNPl mV 

Medazepam -193 5 
Chlordrazepoxlde -1023 
Clotmzepam -601 
Bromazepam 45 
DImpam 83 
Nltrazepam 46 3 
Flumtrazepam 121 3 
Oxazepam 1183 
Clonazepam 146 I 

PH HNP 

14 38 
1290 
12 14 
11 17 
10 97 
10 33 
9 19 
9 I1 
8 71 

PKHB+ pKi+~+ 

1434*004 5.54 
12 83 + 0 06 403 
1206&004 3 26 
11 10*004 2 30 
1090~004 2 10 
10 25 + 0.03 145 
9 11&006 031 
9 07 f 0.03 0 21 
8 71 + 0.03 -009 

Lormetazepam 207 3 761 7 58 + 0 04 -122 

factor affecting the pK values must be that acetom- 
tnle 1s a weaker proton-acceptor than water.“j 

In a study of the KHB+ values of a large number of 
base cations m acetomtnle and water, Coetzee and 
Padmanabhan”’ found ApK for ahphatic ammes, 
pyrrdme, pyrrohdme, and ptpendme vaned between 
7 2 and 8.3, the average being 7.6 The values re- 
ported m Table 3 for the benzodmzepmes are m 
line with these results, with an average ApK value 
of 7 59 

An important consequence of the extremely weakly 
acidic (hydrogen-bonding) properties of acetomtnle” 
1s that although it is a solvent wtth good resolvmg 
power for acids, it 1s not very suitable for successive 
titrations of acids in mixtures, because of homoconlu- 
gation and heteroconJugatton, homoconlugatton be- 
mg the cause of greatly drawn-out titration curves 
with an inflection at 50% neutrahzatton.* Hydrogen- 
bonded complexes between free and protonated 
bases, BHB+, can also be produced m acetomtnle, 
but not to the same extent as for Bronsted actds I6 In 
this paper the formatton constants of BHB+ com- 
plexes for the benzodtazepmes were evaluated by the 
method of Coetzee et al I8 from plots of potential, E, 

600 

5 
3 

700 

m I 
Gp 
lil 

600 

i 

us log(c,/c,) where cb and c, are the analyttcal 
concentrattons of the base and salt respectively The 
plots are shown m Fig. 3 

It follows from the Nemst equatton that a plot of 
E us log([B]/[HB+]) wtll be linear with a slope of 59 
mV/decade at 25” If no complexatton occurs between 
B and HB+, [B] and [HB+] are given by cb and c, 
respectively, but otherwise the plot will devtate from 
hneanty 

Figure 3 shows no evidence for formatton of BHB+ 
complexes for benzodlazepmes under the expenmen- 
tal condihons used, since in all cases linear plots wtth 
slopes close to 59 mV/decade were obtained The 
curves for neutralization of benzodiazepmes with 
perchlonc actd m acetomtnle can therefore be calcu- 
lated m the same way as for water media, smce 
homoconprgation is negligible m dtlute solutions, as 
IS usually the case for bases.19 

The resolutton of acid strength m dtpolar aprotic 
solvents such as acetomtnle ts of analytical import- 
ance. For bases of a given class, the resolution, R, 
relative to that m water, 1s gtven by 

(P&B? - P&B~ )AN = R (PKHB~ - PKHB~ )w 

I/’ 

r-/6 
_ 

-1.6 -1 4 -1 0 -0 6 -0.2 02 06 10 

Log La ‘%I 

Fig 3 Potential US. log(c,/c,) for benzodlazepmes (numbered as m Table 1) 
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Fig 4 
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Plot of (P&f,+ IAH vs p&, for benzodmzepmes 
(numbered as m Table 1) 

A plot of pK,.,s+ values of benzodlazeplnes III 

acetonltnle us, the pK,,+ values m water IS hnear, as 
shown m Fig. 4, wtth a sfope of 1.18 ‘i’hxs low value 
of R is m agreement with the observation that aprotic 
solvents do not much improve the resolution of acid 
strength of catiomc acids, m contrast to the case for 
uncharged acids.8 

Traditional pKa measurements reflect the degree of 
dissociation of a species m a grven solvent, but do 
not provide a valid measure of the relative proton 
activtty.20 Barrette et al.“’ have utilized linear sweep 
voltammetry at a platmum electrode to determme the 
effective acidity (pK: values) The resultant solvent- 
independent pK: scale provides a measure of the 
proton activrty m non-aqueous media and of the 
ability to catalyse proton-Induced reactions 

The pK: values for the various Brsnsted actds in a 
gtven solvent parallel their classical pK* values and 
their relative positions are usualfy the same m all 
media ” 

In an aprotrc solvent (solv), such as acetomtnle, K: 
IS equal to the classical dissoctatton constant K, 
multiplied by the transfer activity coeffictent for 
the solvent, ~H+(~lv~H~~), and piu: = pKa - 
log y,,+ (solv/H,O). 

Because acetomtrile is an extremely weak base and 
has little solvatmg ability through hydrogen-bonds,* 
the mteractton between acetomtnle and protons 
1s weak and the protons are highly reactive. This 
is reflected by the large log yHf(solv/HzO) value 
of +8 8 21 This value is in good agreement with 
that of 8 1 reported by Kolthoff and Chantoom 22 

Thus, a solute givmg a hydrogen-ion activity of 1 
in acetonitnle would give an activtty of 1O-*8 m 
water 

The values of plyi shown in Table 2 provide a 
measure of the effective acidity (proton acttvny) of 
the benzoduuepmes, urespecttve of the medium 

The real bastcity exhibited by the compounds IS 
conditioned by the basic character of the medium 23 
In the titration of a base, 

B + HS+$BHS+ 

where H: denotes the solvated proton, it is 
evtdent that the base B, and the solvent compete 
for the proton. Thus, the weaker the solvent is as 
a base, the further to the right the eqmhbrmm hes 
For these reasons, weak bases such as benzo- 
dlazepmes are titrated in acetomtrile, because the 
formation constant of HB+ increases and KHB+ 
decreases with decreasmg basic strength of the 
solvent 

Although acetic acid has been a popular solvent for 
the tttration of bases and m particular of benzodi- 
azepmes *4~25 the formation constants of HB+ are 
much larger m acetomtrile [Kr(HBt) = l/KM,+] than 
in acetic acid (K~~~04),25 as shown in Table 3 Hence 
the break m pH at the end-pomt is much greater for 
titratton m acetorutnle than for titration m acetic 
acid I2 Furthermore, for the differentiating tttration 
of two or more bases of different basic strength, it IS 
frequently necessary to avoid the levelhng effect of 
acetic acid This may be done by titration in a 
non-levelhng solvent such as acetomtnle and by the 
use of perchlonc acid dissolved m ni~omethane.“*‘* 
Titratton m acetomtrde extends the potentral range at 
the basic end to several hundred mV below that for 
tttratton m acetic acid. For example, the titration 
curves of some benzodtazepmes m both solvents are 
shown m Fig 5 The weaker base lormetazepam 
cannot be determined m acetic acid medium 2f 

Titration curves with sharp and reproducible 
mflection pomts are obtained m acetomtnle for all the 
benzodiazepmes studied. However, only one of the 
mtrogen atoms can be titrated m compounds that 
contain two or more It follows that the mtrogen 
atom m position 4 (Figs 1 and 2) can be protonated,26 
as tt provides a pan of unshared electrons, whereas 
the nitrogen atom m position 1 can not, because of 

Table 3 Equilib~um constants of benzodlazepmes m acetonttnte (pKHa+ ), acetic acid 
(log KE’do4) and water @EC,,,) 

Compound P&J* 
Medazepam 1434 
Chlordmzepoxlde 1283 
Clotkuepam 1206 
Bromazepam 11 IO 
Dlazepam 1090 
Nltrazepam IO 25 
Flumtrazepam 9 11 
Oxazepam 907 
Clonazeoam 871 

p&a APKW - HS 

6 25 a 09 
490 7 93 
- - 

290 8 20 
3 30 7 60 
3 20 7 05 
I 80 731 
1 70 7 37 
1 50 721 

log K;;;J”’ 

9.17&003 
9.27 f 0 07 
867&OOI 
7.83 f 0‘02 
7.98 Ifr 0 02 
7.45 f 0 01 
673rtOlO 
6 12fO06 
580+002 

Lormet&pam 758 - - 403fO06 
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Dlazepam Oxazepam 

PH 

05 10 15 05 10 15 05 10 15 

V 

Fig 5 Potentlometnc tltratlon curves m acetomtnle and acetlc actd for chlordmzepoxtde, dlazepam and 

the mducttve and mesomenc effects of the adjacent 
carbonyl group and the electron-withdrawing effects 
exerted by the groups m posttton 7 and by the ammo 
nitrogen atom m posttton 4, which is at the end of a 
mesomenc system of comugated double bonds 

400 r 

-300 L 

Rg 6 Potentlometrlc titration curves of bmary mixtures, 
(A) dlazepam + medazepam, (B) chlordlazepoxlde + mtra- 
zepam, (C) clotlazepam + flumtrazepam, (D) dlazepam + 

lormetazepam. 

Tttrattons of benzodtazepmes which contam a 
hydroxy group m posttton 3, such as oxazepam and 
lormetazepam, gave curves wrth less sharp mflectton 
points, because of the decrease m bastctty This result 
can probably be attrtbuted to the inductive effect of 
the oxygen atom m postnon 3 Furthermore, the extra 
chlorme atom m posttton 5 m the benzene rmg of 
lormetazepam has a further tendency to decrease the 
basictty of the nitrogen atom m posttton 4 27 

The usefulness of acetomtrtle for the tttration of 
mixtures of bases was tested earher I2 In thts 
work, binary mixtures of benzodtazepmes wtth 

APK us+ 3 2.5 have been successfully titrated wtth 
perchlonc acid m nitromethane wtth potenttometric 
detection of the end-point. Figure 6 shows the 
potentiometnc titration curves of some representative 
binary mixtures. 

The change m pH near the equivalence pomt can 
be calculated from the dtssociation constants of the 
protonated benzodtazepmes, so tt is possible to 
predict which mdicators (HI+) will give a sharp 
colour change in the equivalence range, smce the 
pKH,+ values and quality of colour change m acetoni- 
tnle are known.to2* The benzodiazepines were WU- 
ally titrated wtth errors lower than 2% and the 
mdtcators selected on the basts of pKHl+ and the 
quality of colour change were p-naphtholbenzein 
for chlordmzepoxtde, clotiazepam, diazepam and 
mtrazepam, Malachite Green for flunitrazepam, 
oxazepam and clonazepam, and Neutral Red for the 
weakest base, lormetazepam Medazepam cannot be 
visually titrated, because tts solution m acetomtnle is 
itself coloured 
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Summary-A gold film electrode modtfied with a film of tn-n-octylphosphme oxtde (TOPG) m a PVC 
matnx has been prepared and tested. Cychc voltammetnc expertments have shown that the electrode 1s 
useful for htghly selecttve voltammetric determmattons of a number of metals, pnmanly Hg, Cr, Fe, Bi, 
Sb, U and Pb The electrode has been apphed to the anod’c stnpp’ng voltammetric detennmation of 
mercury m some env’ronmental samples, such as r’ver sediments Concentrat’ons of 0.02-50 ppm of 
mercury can be determined w’th good precmon and accuracy, as demonstrated by analyses of reference 
mater’als A selective decompos’hon of the samples at laboratory temperature decreases the danger of 
sample contammat’on and of volatihzat’on of mercury. 

Among chemically modified electrodes (CMEs),’ 
those employing extraction and ion-exchange systems 
that permit selective accumulation of the analyte are 
at present of great interest m analytical chemistry 
Many of them are made simply by dispersing the 
modifier m carbon paste: the modifiers Include ron-ex- 
changers, 2-9 l,lO-phenanthroline,‘” 2,9-drmethyl-l,lO- 
phenanthrohne,” diacetyldioxime,‘2~‘3 dithizone,14 
alkylmercaptans,15 tn-n-octylphosphine oxideI and 
crown ethers ” These paste electrodes have been used 
to determine gold,3*‘4*‘6 mercury,5*‘7 copper?” 
nlcke1,‘2~‘3 bismuth,15 silver’ and hexacyanoferrate.’ 

Glassy-carbon electrodes have been modified with 
tri-n-octylphosphine oxide (TOP0)‘8-23 and used for 
the determination of uramum(VI)‘*~** and tech- 
netmm.23 We have constructed a mercury film elec- 
trode, modified with TOPO, studied Its propertres24 
and applied It to a highly sensitive determmation of 
bismuth 25 Electrodes modified with TOP0 can be 
useful m determmlng many metal ions and a great 
advantage IS that then select’vrty can be controlled by 
variation of the experimental conditions, prrmarily 
the composrtion of the test solution 24 Much prehmi- 
nary information in th’s respect can be obtained from 
the extensive literature on liquid-liquid extraction 
mvolvmg TOP0 (see, eg , White and Ross*~). 

There is much concern about levels of mercury in 
the environment. This element has been determined 
by electrochemrcal stripping analysis, most often with 
gold electrodes. 27-30 This type of determination has 
been examined crmcally by Hatle,” who has pointed 
out that it suffers from serious interferences. 

This paper describes the construction of a selective 
sensor, a gold-film electrode modified with TOP0 
(TOPO-GFE), its properties and its application to 
the determination of mercury in solid environmental 
samples. 

EXPERIMENTAL 

Apparatus 

The voltammetrtc measurements were made with a 
PA-2 polarographrc analyser (Laboratomi Pfistrole, 
Czechoslovakta), and a three-electrode circuit consistmg of 
the TOPG-GFE, a silver/silver chloride reference electrode 
(1M sodium chloride, with a potential of -0.01 V vs. SCE) 
and a platinum foil counter-electrode separated from the 
working space by a porous-glass plug. The electrolysts vessel 
has been described elsewhere ‘r 

The test solutions were deaerated by passage of pure 
argon pnor to cychc voltammetrtc measurements, whereas 
direct current anodtc stnppmg voltammetry (DCASV) was 
performed without removal of atmospheric oxygen Small 
volumes of hqtuds were measured with Eppendorf mtcro- 
pipettes (FRG). 

The glassware, including the electrolysts vessel, was 
cleaned with 5M hydrochlortc acid containing 0.1 mg of 
potassium dichromate per ml, to remove traces of mercury. 
The test samples were weighed m 1 5-ml polypropylene 
test-tubes fitted wtth hds (Eppendorf, FRO). The sample 
decomposition was hastened by somcation m a UC 002 
BM 1 ultrasomc bath (Tesla, Czechoslovakta). 

All measurements were made at laboratory temperature 
and the potentials are referred to the stlver/stlver chlonde 
reference electrode. 

Chemicals 

TOP0 and poly(vmyl chloride),, PVC, were obtamed 
from Fluka, Switzerland and dtssolved m stabilized 
tetrahydrofuran (VEB Laborchemie Apolda, GDR) and 
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cyclohexanone (Lachema, Czechoslovakia) The solution 
for electrode modlficatlon was always prepared lmmedlately 
prior to use by dlssolvmg 20 mg of TOP0 m 9 5 ml of 
tetrahydrofuran and addmg 0 50 ml of a cyclohexanone 
solution of PVC, contammg 2 mg of PVC 

Stock I-mg/ml solutions of metals were prepared 
by dlssolvmg the 99 9% pure metals (Lachema, 
Czechoslovakia), m dilute nitric acid Q, Cu, Cd and Fe) or 
concentrated sulphunc acid (Sb and Sn), or dlssolvmg 
suitable salts (analytical grade, Lachema, Czechoslovakia), 
in water 

The Au’+ solution (1 mg/ml) was prepared by dlssolvmg 
0 100 g of pure gold (Safina, Czechoslovakia) m a small 
volume of aqua regza, cautiously evaporating to dryness, 
dlssolvmg the residue m 5M hydrochloric acid and diluting 
accurately with water to 100 ml 

A standard solution of Hg2+ (1 mg/ml) was prepared by 
dlssolvmg 0 1354 g of HgCl, m 20 ml of 5M hydrochlonc 
acid, adding 1 ml of I-mg/ml potassmm dlchromate solution 
and ddutmg accurately with water to 100 ml 

The TO-FE was regenerated m a solution 2M m 
hydrochlonc and and 1M m zmc chlorrde, prepared by 
dlssolvmg 0 8 g of zinc oxide m 8 ml of 5M hydrochloric 
acid with agtatlon m the ultrasonic bath For the determl- 
nation of mercury, potassmm dlchromate was added to this 
solution to gve a concentration of 0 01 mg/ml 

All other chemicals were of pa punty (Lachema, 
Czechoslovakia), a batch of hydrochlonc acid that con- 
tamed less than 3 pg/l Hg2+ was selected 

Preparatron of the TOPO-GFE 

A glassy-carbon disk electrode (3 mm m diameter) m a 
PTFE mantle was polished with emery papers, then with an 
aqueous suspension of l-pm alumma, and finally cleaned by 
somcatlon for 2 mm m 5-10% ethanohc potassmm hydrox- 
ide solution The electrode was rmsed with water and 
electrolytically plated with gold from a solution that was 
0 1M m hydrochloric acid and 2 5 x 10e4M m Au’+, first 
for 40 set at a potential of -0 80 V and then at -0 60 V 

for 6 mm The electrode was agam rmsed with water and 
dned m warm air Then, 5 ~1 of the modlficatlon solution, 
5 x IO-‘M m TOP0 and containing PVC m an amount 
equal to 10% of the TOPO, were placed on its surface The 
solvent was evaporated at 70” under an infrared lamp, and 
the electrode was heated at 70” for another 3 mm then 
lmmedlately placed m dlstdled water, m which It was stored 
The electrode thus prepared consists of a gold film 0 45 pm 
thick and a TOP0 film about 1 6 pm thick 

RESULTS AND DISCUSSION 

Properties of the TOPO-GFE 

The effect of the TOP0 film thickness on the 

transport of ions through the membrane has already 
been reported” and thus the posslblhty of determm- 
mg various Ions was estimated here only from cychc 
voltammetrlc measurements The results are summa- 
nzed m Figs 1-3, m which the posmons of the 
mdlvldual lines correspond to the peak potentials and 
their lengths to the peak currents 

The measurements were made as follows. The ions 
were accumulated m the TOP0 film for 6 mm (open 
electric arcmt, argon bubbling through the solution), 
followed by cychc voltammetry from +0 60 V to the 
potential of reduction of H+ ions (and attainment of 
a current of 6 PA) and back to the potential of 
oxldatlon of gold, for three cycles, both with the 
orlgmal soluhon (Figs la-3a) and after solution 
exchange for the pure base electrolyte (Frgs lb-3b). 
It can be seen that the electrode can be useful for 
highly selective determmatlons of a number of metals, 
prlmarlly Hg, Cr, Fe, BI, Sb, U and Pb, and that the 
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Fig 1 Cychc voltammetry of some ions m 1M hydrochloric acid (a) Wlthout solution exchange, (b) with 
replacement of the test solution by the pure base electrolyte after accumulation of the ion m the TOP0 
film Ion concentration, 1 pg/ml, accumulation for 6 mm m open clrcutt with passage of argon through 
the test solution, potential scan-rate, 10 mV/sec Electrode regeneration 80 set m a stlrred 1M solution 
of zmc chloride m 2M hydrochloric acid, followed by soakmg for 80 set m dlstdled water The 
posltlons of the segments on the potential axls correspond to the peak potentials, their lengths to the peak 

current 
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selectivity can be finely regulated by vanatron of the 
composrtron of the test solution 

It has been found that electrode regeneratron (the 
complete removal of the accumulated ions from the 
TOP0 film after the measurement) is essential for 
reproducible functromng of the electrode Immerston 
of the TOPO-GFE for 80 set m a stirred solutton of 
1M zmc chloride m 2M hydrochloric actd (open 
electric crrcurt), followed by soakmg for 80 set m 
drstrlled water serves the purpose, with mercury it 1s 
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Fig. 3 Cychc voltammetry of some Ions rn a 1M sodrum 
chlorrde, 0 IM sodrum acetate and 0 IM acetrc acid solu- 

tlon, pH 4 6 For expenmental condltlons see Rg 1 

necessary to add drchromate to the regeneration 
solutton to attam complete oxrdatron to Hg*+ ions, 
which are then removed from the TOP0 film Drchro- 
mate also regenerates the surface of the gold film 
(oxidatton of Au+ to Au’+) and thus improves the 
reversrbihty of the electrode reacttons of all the metals 
tested and the reproducibility of measurement (Au+ 
blocks the electrode surface because of the high 
stabrhty of its TOP0 solvate). 

Determmatlon of mercury by DCASV 

As mentioned above, the reproducible determma- 
tton of mercury requires regeneratron of the 
TOPO-GFE m the presence of dichromate. H2+ can 
be accumulated from a base electrolyte containing 
drchromate and the ASV deternunatron performed 
wtthout solution exchange, but the accumulatron 
yield strongly depends on the drchromate concentra- 
tton, moreover, the drchromate may react with other 
sample components. The dichromate accumulated m 
the TOP0 film apparently oxidrzes gold to a certain 
extent, causing a contmuous increase m the concen- 
tration of gold salts m the TOP0 film and a conse- 
quent Increase in the restdual current with increasing 
number of determmatrons. 

Therefore, it 1s preferable to activate the 
TOPO-GFE m a I-pg/ml solution of potassmm 
dtchromate m O.lM hydrochlonc acid by polanza- 
tron at a negative potential and then to perform the 
determmation on a sample solution contammg hy- 
drogen peroxide, whrch reduces the residual drchro- 
mate ions m the TOP0 film In this determmatton of 

Hg 9 *+ tm(IV) IS the prmcrpal mterferent, its sorptton 
m the TOP0 film can be suppressed by addmg 
phosphonc acrd to the sample solution. 
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60 

Number of detnr. 

Rg 4. The dependence of the electrode acttvtty, expressed 
as anodtc stripping peak height for mercury, on the actrva- 
tton method and the number of mercury determinations 
performed since preparatton of the TOPO-GFE Curve 
(l)-empty ctrcles electrode activated at -0 60 V and 
+0.20 V prtor to the first and second determmatron; the 
acttvatton m all other cases involved only polarization at 
+0 20 V Curve (2)-full ctrcles the acttvatron step at 
-0.60 and +0.20 V was performed only pnor to the fourth 
determmatton, in all other cases only the polanxatton at 

+0 20 V was used. For details, see procedure. 

Procedure 
Make the sample O.lM m hydrochlonc actd and 0.03% 

m hydrogen peroxide Accumulate the mercury in the TOW 
film for l-20 min wtth stirrmg and open electric circuit. 
Rmse the TOPO-GFE with water, place tt m 0 1M 
hydrochlortc acid base electrolyte, and transfer the mercury 
from the TOP0 film onto the gold film by electrolysts at 
+0.2 V for 40 set, with stirring After a 20-set rest period, 
stnp the mercury from the gold film into the TOW film by 
applying a linear potential scan at 10 mV/sec. 

Regenerate the electrode by rmsmg tt with water, soakmg 
tt for 80 set m a sttrred solution of IM zinc chloride m 2M 
hydrochlortc acid containing 10 pg/ml potassmm drchro- 
mate, rmsmg tt agam with water, and then polanzmg tt m 
a stirred 1-pg/ml potassmm dichromate solutton in 0 1M 
hydrochlorrc acid, first for 40 set at -0.6 V (only before the 
first ttme of use) and then for 40 set at +0 2 V 

The effect of activation of the TOPO-GFE by 
polarization at -0.60 V is shown in Fig. 4; curve 1 
corresponds to this activation prior to the first and 
second determinations, whereas curve 2 IS obtained 
when the electrode 1s activated only prior to the 

L 
0.6 

Ftg 5 Cyclic voltamperagrams of mercury after accumula- 
tion in the TOP0 film and solution exchange Acttvatton by 
polarixation at +0 20 V Potenttal scan-rate, 5 mV/sec 

Mercury concentratron @g/l.) I-Q; Z-10, 3-20 

fourth determination. Hence the polanzation to this 
negative potential 1s necessary for obtaining a high 
activity of the electrode. However, repeated polanza- 
tion to -0.60 V leads to a gradual increase tn the 
residual current and thus the activation at this poten- 
tial should be applied only before the TOPO-GFE is 
first used. In subsequent use, prepolanzation to 

Table 1 Cahbratton equations for DCASV determinations of mercury with the 
TOPO-GFE* 

Concentration Limit of 
range, b &-s,,t, a *s,t,, determmatlon, 

n llgil. nA I ug-’ nA r rcnll 

6 O-O.4 208k.23 24*04 0 996 0.025 
11 O-20 130*04 39*25 0 999 

*Ip = bc,, + a; a = 0 05, s,, sb = standard devtatton estrmates, r = correlation coefficient, 
ltmtt of determmatton IS the concentratron corresponding to a signal equal to three 
times the standard devtatton of the no&se; n = number of parallel determmattons 
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Ftg 6 Dependence of the DCASV peak current on the 
pertod of accummulatton of mercury m the TOFQ film 

+0.20 V suffices to mamtatn the high activity of the 
electrode (see Fig. 4). 

Under these condtttons the electrode reacttons of 
mercury are vtrtually reversible, as shown by cyclic 
voltamperograms obtained after accumulatton of 
mercury m the TOP0 film and transfer of the 
TOPO-GFE to pure O.lM hydrochlonc acid (Fig. 5). 

The parameters of the cahbratton plots obtained by 
the procedure above are summarized in Table 1 
Ftgure 6 depicts the dependence of the stnppmg peak 
hetght on the time of accumulatton; tt is apparent that 
the plot IS linear up to an accumulatton time of ca 
15min 

Appkatton to envwonmental samples 

On account of the composition of the base elec- 
trolyte used, a sample decomposmon procedure was 
sought which would involve hydrochloric acid and a 
suitable oxidant As solid ecological samples usually 
contain considerable quantities of iron, which mter- 
feres m the DCASV determmation of mercury at 

hydrochloric acid concentrations higher than 0.1 M, 
we used dilute hydrochloric acid. 

Mixtures of the acid with hydrogen peroxide, 
potassium permanganate or potassium dichromate 
were tried for openmg out river sediments. The results 
of the DCASV determinations were then compared 
with those of an AAS determmatton33 (involving 
decomposmon with a mixture of hydrochloric and 
mtrtc acids at 90”, followed by reduction with sodmm 
borohydride). We have obtamed the best results with 
two acid mixtures, either 5M hydrochloric 
acid + 0.5% potassium dichromate or 1M hydro- 
chlonc + 0.8M phosphonc acid + 0.5% potassium 
permanganate. It is advantageous to decompose the 
sample at laboratory temperature (in an ultrasonic 
bath), the optimal decomposition time 1s 24 hr. 

Procedure 
Wetgh 10-100 mg of sample mto a 1 S-ml polypropylene 

centrifuge tube (fitted with a lid) Add 1 00 ml of a freshly 
prepared mixture of 5% potassmm dtchromate solutron and 
5M hydrochlonc actd (1 10 v/v) or of 5% potassmm 
permanganate solutton and 1M hydrochlorrc acid/0,8M 
phosphonc acrd (1 10 v/v), close the hd, shake the tube 
vtgorously, somcate tt for 10 mm, then leave tt for 24 hr. 
Then shake tt again and centrifuge tt at 4000 rpm for 2 mm 
Transfer an ahquot to a lo-ml standard flask, dilute to 5 ml 
with water and add 10 ~1 of 30% hydrogen peroxide 
Sonicate agam to release the oxygen produced from the 
hydrogen peroxide, then make up to the mark wtth water 
and mix Determine the mercury by the DCASV method 
(standard addmon technique) already described. The work- 
mg range IS 0 02-50 pg/ml m the final solutton 

Some results to indicate the accuracy and preciston 
of the method are included in Table 2, indicating that 
the method is mainly suitable for the analysis of nver 
sediments-with other types of sample, such as fly- 
ash, decomposmon may be incomplete. However, 
this selective decomposttion has the advantage of 
decreased probability of contammatton of the sam- 
ple, low consumption of reagents (and consequently 
a low blank value), stmphctty of the procedure 

Table 2 DCASV determmatton of mercury m reference ecolorncal matenals 

Hg content found, pg/g 

Reference material 

Certified Hg 
content, 

/@gig 

DCASV 

AAS’ AASb n L 112 

River sediment* - 20-28 28 5 27kO5 
(River Moldau) 
Coal-Fly ash (BCR 38) 21 - 20 9 08*02 
Steel plant flue 
dust (OK)? 016-045 - 0.36 4 024&004 
Coal-fly ash 
(ECG)§ 0.013-o 077 - 003 4 0.02 f 0.02 

“After sample combustton and trapping of Hg m a sorption tube 14 
bAfter samnle decomnosition bv HCl+ HNO, at 90°C and reductton wtth sodmm 

borohydrrde 33 - _ 
*The fraction wrth particle size 0.4563 pm. 
VURVJT Koktce, Czechoslovakta (AAS, cold vapour technique 0 16, 0 29, 0.38, 

0.43 pg/g, flameless AAS 0 39 pg/g; INAA, long trradtatton. 0 45 pg/g). 
#URVJT KoSse, Czechoslovakta (AAS, cold vapour technique 0013, 0.020, 

0 077 llg/g) 
L,,, = 2 f s,t,/fi, where n 1s the number of parallel determmattons; a = 0 05 
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operated at room temperature, and absence of the 15 
posslblhty of losmg mercury by volatlhzatlon durmg 16 
a heatmg step 

17 
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Summary-Electrodes that are senstttve to cattomc and amomc spectes of tetracycline have been 
constructed The catton-sensrttve electrode responds to monoprotonated tetracychne over the pH range 
1 9-3 2 The anion-sensttlve electrode responds at pH 8 O-l 1 0 to the singly-charged tetracychnate amon 
resulting from dlssoctatton of the enohc group of the B rmg The electrode selectlvthes have been 
investigated 

Tetracycline 1s widely used m the treatment of a large 
number of mfecttons and some dtseases caused by 
large viruses, because of its wide spectrum of activity 
It is also used effectively m the treatment of staphy- 
lococcal and streptococcal mfecttons m penrcillm- 
sensttive patients whose tetracycline resistance 1s not 
a problem A number of methods have been proposed 
for the determmatton of tetracycline, including 
fluonmetry,’ HPLC2 kinetic methods,3 spectrophoto- 
metry and polarogtaphy 5 A potentiometnc method, 
based on the use of tetracychnase and a carbon 
dtoxlde electrode as sensor, has also been suggested 6 
The pharmacopoeia1 method for the determination of 
tetracycline 1s a time-consummg and somewhat mac- 
curate bioassay 

An electrode sensitive to an antibiotic drug has yet 
to be reported, but the ton-selective electrode method 
1s evidently advantageous In this work tetracychne- 
senstttve electrodes have been constructed and their 
performances studied A new method for the direct 
potenttometry of tetracycline has been proposed 

EXPERIMENTAL 

Apparatus 

The apparatus used was the same as reported prevtously’ 
except that the potential measurements were made with a 
Jlangsu model PXJ- 1 B digital ton-analyser. 

Reagents 

Trts was of btochemmal reagent grade Tetracycline 
hydrochlorrde was of pharmacopoeral quality s Cetyl- 
trtoctylammomum iodide, tetraoctylammonmm lodlde, 
cetyltrrphenylphosphomum iodide and cetyltrtphenylarson- 
turn iodide were prepared as prevtously reported 9 All other 
chemicals used were of analytmal-reagent grade Doubly 
dtstdled water was used throughout 

Tetracyclme hydrochlortde standard series Prepare a 
0 01 M solution by dtssolvmg 240 5 mg of the chemical m 
hydrochloric acid (pH 2 7) and ddutmg to volume m a SO-ml 
standard flask with the same actd Prepare working solu 
tlons by senal dtlutton with the hydrochloric actd 

*Author for correspondence 

Sodrum tetracychnate standard serzes Prepare a pH 8 8 
buffer solutton 01 = 0 OSM) by mrxmg 50 ml of 0 5M 
sulphunc actd wtth 90 ml of 1M Trrs and dtlutmg the 
mixture to 1 htre Dtssolve 256 6 mg of tetracycline 
hydrochloride m I5 ml of water and add 2M sodmm 
hydroxide dropwtse until the precipitate disappears Dilute 
to volume with the buffer solutton m a 50-ml standard flask 
to obtain a 0 OlM stock solution Prepare other working 
soluttons by senal ddutton wtth the same buffer solutton 

Synthesis of ron -paa complexes 

Tetracychne whcotungstate To 10 ml of 0 02M sthco- 
tungsttc acid add 10 ml of 0 02M tetracycline hydrochlonde 
with sturmg After 20 mm filter off the prectpitate, wtth a 
porosity-4 smtered-glass crucrble, wash tt several ttmes with 
dtsttlled water and dry at 25” under vacuum 

Tetracyclme dlptcrylammate Dtssolve an appropnate 
amount of dtptcrylamme suspenston m dilute sodmm hy- 
droxide solution Adjust the pH to 8, add 0 02M tetracycline 
hydrochloride until prectpttatton is complete, and filter off 
and wash as above 

Cetyltr~octylammonrum tetracychnate Transfer a suitable 
volume of 0 5% cetyltrmctylammonmm todtde solutton m 
chloroform to a separating funnel Add an equal volume of 
0 1M sodmm tetracychnate and shake the mixture for 15 
mm Separate the layers and treat the organic phase m an 
identical manner wtth a further three portions of sodmm 
tetracychnate solutton Dry the chloroform layer wtth anhy- 
drous sodium sulphate, filter wtth a dry filter paper and 
evaporate the solvent by heating on a water-bath 

Cetyltrrbutylammonnun, tetraoctylammonrum, cetyltn- 
phenylphosphomum and cetyltr~phenylarsonlum tetracych- 
nates Prepare wtth the appropriate todtde as above 

Electrode constructton and potentlometrzc measurement 

The poly(vmy1 chlortde) membrane electrode was pre- 
pared as prevtously described’ by mtxmg 0 34 ml of a 5mM 
solutton of the ton-pan complex m dtbutyl phthalate with 
2 7 ml of a 5% PVC solutton m tetrahydrofuran, and 
evaporating the tetrahydrofuran An Ag/AgCl Internal 
reference electrode and 0 01 M sodmm chlonde internal 
reference solutton were used 

The solid-state membrane electrode was prepared as 
prevrously reported,” with a membrane concentratton of 5 
mM Dtbutylphthalate was used as plasttcrzer for the elec- 
trode membrane 

The electrodes were precondmoned m 1 mM tetracycline 
hydrochlortde or sodium tetracychnate for 2 hr (sohd-state 
electrode) or 4 hr (PVC membrane electrode) 

849 
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Rg 1 Effect of pH on the potential of the tetracycline 
sdxotungstate (1) and cetyltnoctylammomum tetracyclmate 
(2) electrodes Concentration of tetracycline hydrochloride 
(1) or sodrum tetracychate (2) 10 mM (A), 1 mM (3) 

Potentlometrx measurements were made by usmg a 
double-Junction SCE, with 0 OlM sodium chloride m the 
outer compartment, as reference electrode and the tetracy- 
chne-sensrtlve electrode as mdxator electrode 

RESULTS AND DISCUSSION 

Performance of the tetracycline-senntrve electrodes 

Effect of pH The potential of both the conven- 
tlonal PVC electrode and the solid-state electrode 
remams constant over the pH range 1.9-3.2 Figure 
I shows typical results for the solld-state tetracychne 
sllicotungstate electrode At pH > 3.2, the potential 
decreases owing to the formatton of the free tetracy- 
cline base At pH c 1 9 the potential increases 
because the electrode then responds to hydrogen ions 

C#m~ar~~n of electroactrve mater&s Cation-sen- 
sltive electrodes made ullth various ion-patr com- 
plexes as electroactive matenals were evaluated m 
order to compare their function The results obtained 
are listed m Table 1 The tetracychne slhcotungstate 
electrode, with an inorganic exchange site of hetero- 
poly acid type, exhibits the best performance. Its 
hneanty range extends down to 0 03mM tetracyclrne 
The electrode responses of the Ion-pair complexes of 
tetraphenylborate and dlplcrylammate are poorer, 
but these materials have been widely employed m the 
design of drug cation-sensitive electrodes It has also 
been observed that tetracyclrne tetraphenylborate 

pC (C, mole/t.) 

Rg. 2 Response of the tetmcyc~lne-~nsitlve electrode to 
tetracychne hydrochlonde at pH 2 7 (1) and of the tetracy- 
chnate-sens&ve electrode to so&urn tetracychnate at 

PH 8 8 (2) 

gves little precipitate and the precipitate 1s d&cult to 
filter off A comparison of the conventional PVC 
electrode and the sohd-state electrode showed that 
there were no slgmficant differences between the 
hnearlty ranges and the response slopes. However, 
the solid-state electrode 1s easier to make and more 
convenient to handle, because an internal reference 
electrode and solution are not required m this type of 
electrode The electrode can also be mverted and used 
to determine tetracycline m a very small volume, e.g., 
a single drop, which IS placed on the electrode surface 
and sandwiched between that and an SCE Figure 2 
shows a cahbratlon curve for the solid-state electrode 
with a gold-plated substrate 

Response tme and lJfe-swan The static response 
times of the cabon-sensltlve electrode to l-10 mJ4, 
0 1 mM and 1 PM tetracycline hydrochlonde are less 
than 10, 30 and 60 set respectively. No significant 
changes m electrode function were observed over a 
penod of 2 months 

Performance of the tetracy~ltnate-sensttlve electrode 

Tetracychne 1s an amphoterlc compound It can 
exist m catlomc form m acidic medium or amomc 
form m basic medium Therefore, It was of interest to 
mvestlgate the performance of a tetracychnate-sensi- 
trve electrode 

Comparrson of electroactwe matertab Electrodes 
made wth ion-pair complexes of tetracychnate mth 
different quaternary ammonium, phosphomum and 
aromum ions were investigated The electrode Hrlth 
cetyltrioctyiammonium tetracychnate as electroactive 

Table 1 Performances of tetracychne cation-sensitwe electrodes made 
w&h different electroacttve materials 

Electroactlve Slope, kneanty range, Detectton hrnlt, 
material m V/log c mM ??iM 

Tetracychne 
sl~icotun~tate 597&12 0 03-10 001 

Tetracycline 
dtptcrylammate 587415 0 l-10 00.5 

Tetracycline 
tetraphenylborate 587kl3 0 OS-10 004 

pH=27 
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Fig 3 Stability of tetracycline at pH 8 8, measured with the 
tetracyclmate-sensitive electrode (1) 1 mM (2) 10 mM 

material exhibits the best performance The linearity 
range is 0 04-10 mM The electrode response slope 
is -57.0 f 3.0 mV/log C The detectton limit is 
0 02 mM A typical calibration curve is shown in 
Fig 2 The electrode potential of the cetyltnoctyl- 
ammonmm tetracychnate electrode remains constant 
over a pH range of 8 O-11 0 At pH < 8.0 the 
electrode potenttal tends to increase (Fig 1) 

Potential stab&y Tetracychne is unstable and is 
slowly destroyed in basic medium. This results m a 
change m the potential of the tetracychnate-sensitive 
electrode Immersed m the baste tetracychne solution. 
Potentials, measured m a sodium tetracychnate 
solution of pH 8 8 and iomc strength O.OSM, are 
shown as a function of time m Fig 3 The solution 
was exposed to the air The electrode potential starts 
to decrease 15 mm after the solution 1s prepared. The 
compound decomposes most rapidly m the period 
15-60 mm after preparation of the solution. The 
apphcabihty of the tetracychnate-sensitive electrode 
is restricted by the mstabihty of tetracycline m basic 
medium 

Mechamsm of the electrode response 

Tetracyclme possesses four functional groups 
which can dissoctate, depending on the solution pH 
However, both the cation-sensitive electrode and the 
tetracyclinate-sensitive electrode produce calibration 

H,C OH . . ++HP-',), 

plots with a Nernstian slope of ca. &59 mV/log C. 
This implies that both electrodes respond only to a 
singly-charged ionic species of tetracycline. From the 
dissociation constants of the four groups,” we can 
assume that the cation-sensitive electrode responds to 
cation I m the scheme below, and the tetracychnate- 
sensitive electrode responds only to amon II, m whtch 
the enohc group of the B rmg is dissociated 

Selectwity 

Selecttvtty coefficients for 23 substances were deter- 
mmed for the tetracycline silicotungstate electrode by 
the mixed-solutton and separate-solution methods 
The results are summarized in Table 2 No significant 
interferences were caused by the common organic 
acids, ammo-acids, glucose or starch The selectivity 
relative to inorganic cations decreases m the follow- 
mg order. Cs(1) > Rb(1) > K(1) > Na(1) > L](I) > 
Ba(l1) > Sr(I1) > Ca(I1) > Mg(I1) > Be(I1). The K$’ 
values for these ions can be represented by the 
equation 

pK$ = 2.986 - 1 466 r/z2 (1) 

correlation coefficient 0 970, residual standard 
deviation 0.233. 

The selectivity of an electrode 1s usually studied 
only with respect to one factor (the mterferent ions) I2 
We consider that such a treatment IS not sufficient for 
an electrode responsive to a large organic molecule 
The mechanism of the electrode response is compli- 
cated and may be affected by a number of factors 
The electrode selectivtty may be expressed more 
correctly if all the influencing factors are taken into 
constderation. A study of the selectivtty of sulpha- 
drug electrodes has shown that better correlations 
can be obtained if several factors are considered.’ 

We have performed regression analyses to describe 
the relationships between log K$ and a number of 
Influencing factors (Appendix and Table 3) for qua- 
ternary ammomum tons. The results are summanzed 
m Table 4. It is seen that there are correlations 

H,C OH y(CHd2 
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Table 2 Selectlvlty coefficients of the tetracyclme cation-sensitive electrode* 

Interferent log K%’ Interferent log K%’ 

Sulphamx acid -1 56 
Urea -141 
Cltnc acid -146 
Ammoacetic acid -155 
Ammoproplomc acid -139 
Glucose -148 
Thiourea -138 
Sulphosahcyhc acid -139 
Ammonium chloride -1 38 
Llthmm sulphate -145 
Sodium chlonde -138 
Potassium chloride -1 12 

Rubldmm sulphate -096 
Caesmm sulphate -061 
Beryllmm sulphate -299 
Magnesium chloride -288 
Calcmm chlonde -278 
Strontium chloride -262 
Barmm chloride -246 
Tetramethylammomum lodlde -105 
Tetraethylammomum Iodide -0 18 
Tetrabutylammonmm iodide 2 66 
Tetraoctylammomum Iodide 531 

*Tetracycline slhcotungstate electrode, pH 2 7, C, = 1mM 

Table 3 Theoretical data for the symmetric quatemary 
ammomum lodldes 

Quaternary ammonium 
ion n I z/r log P 

Tetramethylammomum 1 -02792 0486 -309 
Tetraethylammomum 2 -02842 0 302 -285 
Tetrabutylammomum 4 -02867 0 172 -0 77 
Tetraoctvlammomum 8 -02871 0092 751 

For meaning of n, I, z/r and P refer to the footnote to 
Table 4 

Table 4 Relationships between log KP",' of the tetracyclme-catlon- 
scnsltlve electrodes and Influencing factors for quatemary ammomum 

mdldes 

Factor 
considered RegressIon equation R S 

I log Ktp,' = - 190 5 - 6761 0 850 1 88 
z/r logK$=534-159z/r 0919 I43 
log P logK$,‘=l05+055logP 0 929 134 
n logK$,‘= -1 76+092n 098 061 
1, zlr logK$‘=4261+14511-456z/r 0993 062 
I, log P log KPO,L = -90 I - 3211+ 0 40 log P 0976 1 12 
z/r, log P log Kf'$' = 3 35 - 8 57z/r + 0 321 log P 0979 104 

Tetracycline slhcotungstate electrode, pH 2 7 I, mductlve effect, P, 
partition coefficient between the organic and aqueous phases, z and 
r charge and lomc radius, n, number of carbon atoms m the alkyl 
radical of the symmetric quaternary ammonium ion R, correlation 
coefficient, S, residual standard deviation 

Table 5 Selectivity coefficients of the tetracychnate-sensitive electrode* 

Interferent log K!%’ Interferent log K%’ 

Sodium chlonde -0.96 Ammomum ammoacetate -092 
Sodium sulphate - 2 37 Ammomum ammoproplonate -I 14 
Potassmm thlocyanate 2 53 Thlourea -0 92 
Urea - 0 35 Glucose -15 

*Cetyltr~octylammomum tetracychnate electrode, C, = 1 mh4 

Table 6. Potentlometrlc determination of tetracyclme hy- 
drochloride with the tetracyclme slhcotungstate electrode 

Cahbratlon curve method Single-drop method* 

Taken, Found, 
mglml mg/ml 

0 248 0 243 
0496 0 503 
0960 0 946 
1 78 1 15 
240 2 42 
3 56 3 50 
4 25 4 20 

Recovery, Taken, 
% I% 

98 0 2 95 
101 4 5 94 
98 5 891 
98 3 149 

1008 197 
98 3 25 4 
98 9 34 7 

Found, 
pg 

2 90 
5 87 
9 09 

152 
19 1 
25 2 
34 2 

Recovery, 
% 

98 3 
98 8 

1020 
1020 
97 0 
99 2 
98 6 

*Usmg the inverted solid-state electrode 
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Fig 4 Slmulatlon curve of log KG of the tetracychne 
slhcotungstate electrode vs number of carbon atoms m the 
alkyl radical of the symmetnc quaternary ammomum Ion 
l selectlwty coeffiaents determmed expenmentally 

between log K, u PO’ and the three variables iomc poten- 
teal (z/r), partition coefficient, and number of carbon 
atoms m the alkyl cham of the quaternary ammo- 
mum ion When a combmation of these factors ts 
considered, the correlation improves, especially when 
the combmation of tonic potential and mductive 
effect mdex (1)13 IS used The log K$’ function for the 
tetracycline sihcotungstate electrode may be ex- 
pressed as 

logKPt=l4511-456z/r+426.1 (2) 

Its value increases linearly when I increases and when 
the tonic potential decreases By use of equations 
(A3) and (AS) (Appendix) and subsequent mathemat- 
ical transformation, we can derive an expression to 
relate quantitattvely the electrode selectivity to the 
number of carbon atoms m the alkyl cham of the 
quaternary ammonion ion 

log Kg = 30 9/2 7” - 45 6(1.26n + 0 80) + 9.5 (3) 

A stmulation curve was constructed, based on this 
equation (Rg 4) The log Kg values for quaternary 
ammomum ions have been shown to correlate with 
the number of carbon atoms m the alkyl cham.14 It 
IS seen from the simulation curve that the relationship 
IS linear only when n is small, and that log Kg 
approximates to a hmitmg value when n becomes 
sufficiently large 

Selectivity coefficients of the tetracyclinate- 
sensitive electrode are given m Table 5 

Analyttcal appltcattons 

The electrode can be used for the potentiometric 
determmation of tetracycline The results obtained 

with a solid-state tetracycline stlicotungstate elec- 
trode are listed m Table 6 Potentiometnc determma- 
non of 0 2-42 mg/ml tetracycline hydrochlonde by 
the calibration curve method resulted m an average 
recovery of 99.2% (standard deviation 1.5%) Micro- 
gram quanttties of tetracycline hydrochloride m very 
small sample volumes (cu. 20-50 ~1) can also be 
determined by usmg an inverted solid-state tetracy- 
cline sihcotungstate electrode, with average recovery 
99 4% (standard deviation 1 9%) Tetracycline 
tablets were analysed by the method reported 
previously Is The potentiometnc analysis of 
tetracycline tablets (each containing a nommal 
amount of 250 mg) with the tetracycline sthco- 
tungstate electrode gave a value of 241 + 5 mg per 
tablet. The result by the pharmacopoeia1 method* 
was 245 mg/tablet 
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APPENDIX 

Inductme effect mdex 

The inductive effect mdex (I) can influence the 
chemical activity of an orgamc compound. For a 
chemical bond between two adjacent atoms a and b, 
the inductive effect index can be defined as the 
polarity divided by the unit bond length 

I~~=Bdlrob=(xo-xb)l(xa+xb)(ra+rb) (Al) 

where x is the electronegattvity, and r IS the covalent 
(or ionic) radius For a polyatomic molecule, the 
mducttve effect index has two components one relat- 
mg to the bond-forming atoms (I,), and the other 
taking mto consideration the effect of other compo- 
nents on the bond (1) For the symmetric quaternary 
ammonmm iodides, lo (between N and I) can be 
regarded as a constant and its effect may be neglected 
when homologous quaternary ammomum iodides are 
compared, hence 

86,,(a” - 1) 

an+‘rHc(a - 1) (A2) 

where l/a is the attenuation factor” 
the number of carbon atoms in 
group By substttutmg the appropriate 
have 

and n is 
the alkyl 
values, we 

I = -0.287 + 0.0213/2.7” (A3) 

Ionic potentral 

The symmetnc quaternary ammomum ton is 
treated as a sphere with a radius (r) equal to the 
length of the alkyl chain (r) 

r=rc,+O816(n--l)r,+O816rc,, (A4) 

By substituting the values for r, we have. 

z/r = l/(0 80 + 1.26n) (As) 

The efficiency of the method for calculatmg the 
log KtpB’ values from the number of carbon atoms m 
the alkyl chain is shown m Table Al 
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Summary-Dtsodmm 3-(2-pyridyl)-I,2,etnanne-5,6-d1(4’-phenylsulphonate) IS used for determmanon of 
iron m metal analysts High selectivity IS achieved by usmg a hgand buffer and substoichrometnc maskmg 
Interference from c 0 9 mg of Cu(II) can be completely eliminated by combined reduction and masking 
with ascorbic acid and thiosemtcarbazide Beer’s law 1s obeyed over the range 0 4-l 6 pg/ml Iron m the 
final solutton, with a standard deviation of 0 02 pg/ml The method has been successfully applied to 
determmation of Iron (without preseparatton) m a number of non-ferrous metals and alloys, wtth a 
coefficient of vartation of 1 2-5 0% 

Among the numerous spectrophotometrtc agents for 
u-on, 1 , 1 0-phenanthrohne remams the most widely 
used and has been recommended m a number of 
standard methods,‘-’ but has some disadvantages. Its 
sensittvity IS comparattvely low, tt can form msoluble 
ion-assoctates with large anions, and the reaction 
with uon(II) 1s rather slow For complete chelation 
standing times ranging from 30 to 60 mm have been 
spectfied 5-7 Even longer 1s needed at low temperature 
or m the presence of other hgands, e g., tartrate or 
citrate 8 Here dtsodmm 3-(2-pyndyl)-1,2,4-tnazme- 
5,6-di-(4’-phenylsulphonate) IS recommended as a 
rapid, more sensmve and highly selective reagent for 
the determmation of u-on m a number of non-ferrous 
metals and alloys 

EXPERIMENTAL 

Reagents 

Analytical-reagent grade chemtcals were used and sol- 
utions were prepared with demmerahzed water unless other- 
wise specified The vessels should be thoroughly cleaned by 
washing successtvely with concentrated hydrochloric acid 
and demmerahzed water 

Nttrtc acid, suprapure 
Hydrochlorrc actd, suprapure Concentrated and diluted 

tenfold 
Ammonra solutton, suprapure 
Hydrogen peroxtde, 30% 
Perchlortc acid 
Sodnan acetate solutron, 2M 
Tartartc acrd solutron, 2M 
Ascorbtc actd solutron, 4% Freshly prepared 
Tropaeohn 00 solutton, 0 I % m 50% ethanol 
o-Cresol Red solutron, 0 05% 

*Author for correspondence and requests for repnnts 
Present address 99 Handan Lu, 200433, Shanghai, 
People’s Republic of Chma 

Thtosemrcarbazta’e solutton, 4% Dissolve 2 00 g of 
thiosemmarbande m 2 ml of glacial acetic acid and 30 ml of 
water by warmmg, and add 15 ml more water dunng the 
warmmg Cool to room temperature, dilute to 50 ml and 
mix 

HEDTA solutron Dissolve 2 80 g of anhydrous N-hy- 
droxyethylethylenedtamme-N,N’,N’-trtacettc acid m water, 
transfer the solution mto a lOO-ml standard flask, ddute to 
volume and mtx 

Zn(ZZ) solutron Dissolve 0.900 g of zmc oxide ( 2 99 9% 
pure) m 5 ml of water and 2.5 ml of concentrated hydro- 
chlortc acrd Transfer the solutton to a lOO-ml standard 
tlask, dilute to volume and mix 

Duodtum 3-(2-pyrtdyl)-1,2,4-trtazme-5,6-dt-(4’-phenyl- 
sulphonate) solutron (SPT solutton), 0 2% tn 50% ethanol 

Fe standard solutton A (1 me/ml) Dissolve 100 0 mg of 
metallic iron ( > 99.9% pure) m 10 ml of concentrated 
hydrochloric acid and a few drops of hydrogen peroxide by 
warming Cool to room temperature, transfer the solution 
to a lOO-ml standard flask, dilute to volume and mix 

Fe standard solutron R (10 ugglml) Freshly prepared 
Pipette 1 ml of Fe standard solution A mto a lOO-ml 
standard flask, add 10 ml of hydrochlonc acid (1 + 9), dilute 
to volume wtth water and mix 

Procedures 

Cahbratron graph Transfer 0 50, 1 00,2.00, 3 00 and 4 00 
ml of Fe standard solution B to 25-ml standard flasks To 
each add 1 ml of tartanc acid solution, 1 drop of Tropaeohn 
00 solution, and ammonia solutton dropwtse until the 
appearance of a distmct yellow colour. Then add 2 ml each 
of ascorbic acid and sodmm acetate solutions and 1 ml of 
SPT solution Dilute to volume and mix Measure the 
absorbance at 560 nm against a reagent blank, m l-cm cells. 

Note Great care should be taken to exclude contami- 
natron. All reagent solutions should be added by prpette. It 
may be advisable to prepare duplicate reagent blanks and 
measure these and the test solutions against water as 
reference, and make corrections for the blank 

Sample pretreatment. Remove any free metalhc iron with 
a magnet or according to the ASTM method ’ 

Determmatton of Fe m alumtnium and us alloys Transfer 
an appropriate sample (200 mg for 0.1-0.4% iron, 100 mg 
for O&0.8%, 50 mg for 0 8-1.6%/o) to a 50-ml beaker Add 
5 ml of concentrated hydrochloric acid and 2 or 3 drops of 
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hydrogen peroxrde and warm gently until dtssolutton IS 

complete Boll to decompose the excess of hydrogen perox- 
tde and cool to room temperature Transfer the solutton to 
a lOO-ml standard flask, dtlute to volume and mix Transfer 
a 5 OO-ml ahquot to a 25-ml standard flask, add 3 ml of 
tartanc acid solutton, 1 drop of Tropaeohn 00 solutton, and 
ammonia solutton dropwtse unttl the appearance of a 
dtstmct yellow colour Then add 2 ml of ascorbic acid 
solutton and 2 5 ml of thtosemtcarbande solutton Mix and 
let stand for 3 mm Finally add 3 ml of sodtum acetate 
solutton, 10 ml of HEDTA solutton, 10 ml of Zn(I1) 
solutton and 1 0 ml of SPT solutton m successron Dilute to 
volume and mtx Measure the absorbance as above 

Determmatron ofFe m antzmony Dtssolve a 50-mg sample 
by gently warming with 3 ml of concentrated hydrochlonc 
acid and a few drops of concentrated mtrtc actd Evaporate 
the solutton to ca 1 ml Add 1 ml of tartanc acid solutron 
and 1 drop of Tropaeohn 00 solutton and transfer the 
solutton to a 25.ml standard flask, and proceed as for 
alummium 

Determmallon of Fe m rm Weigh a sample containing 
2&40 pg of Iron, and proceed as for analysts of antimony, 
but use 3 ml of tartanc actd solutton 

Determmatlon of Fe m Sn-Sb and Pb-Sb beang-alloys 
Dtssolve a 50-mg sample by warming with 3 ml of concen- 
trated hydrochlortc acid and a few drops of concentrated 
nitric acid Evaporate the solutton to ca 1 ml Add 1 ml of 
tartartc actd solutton, transfer to a 25-ml standard flask, 
dilute to volume and mix. Transfer a 5 00-ml ahquot to a 
25-ml standard flask, add 1 drop of Tropaeohn 00 solutton 
and proceed as for alummmm, but use 3 0 ml of throsemt- 
carbaztde solutron 

Derermrnatron of Fe m Sn - and Pb -base solders and alloys 
Dissolve a 50-mg sample of solder or 250 mg of alloy by 
gentle warming with 3 ml of concentrated hydrochloric acid 
and a few drops of concentrated mtrtc acid Evaporate the 
solutton nearly to dryness Add 2 ml of tartanc actd solutton 
and warm to dtssolve the residue, wtth constant stirring, 
then add 5 ml of sodium acetate solutton tmmedtately while 
stall warming Cool to room temperature Transfer all the 
clear supematant solutton to a 25-ml standard flask by 
decantanon and washing, add 1 drop of Tropaeohn 00 
solutton and proceed as for alummium, but use 2 0 ml of 
thtosemtcarbaztde solutton and omit the further addition of 
sodium acetate. Any lead chloride precipitated need not be 
filtered off, any accidentally transferred with the analyte 
solutron whl settle out later and wtll not cause interference 
If the Fe content IS < 10 pg, use the standard-addition 
method For >40 pg of Fe, use a smaller sample or a 
fraction of the clear analyte solutton 

Determrnatton of Fe VI &-base dw-cast alloys Dissolve a 
50-mg sample by gentle warming with 5 ml of concentrated 
hydrochloric acid and a few drops of hydrogen peroxide 
Boil to decompose the excess of hydrogen peroxide Cool 
to room temperature, transfer the solutton to a 25-ml 
standard flask, dilute to volume and mtx Transfer a 5 00-ml 
ahquot to a 25-ml standard flask and proceed as for 
alummmm 

Defermrnaflon of Fe m zinc Dtssolve a 250-mg sample m 
4 ml of water and 2 ml of concentrated hydrochlortc acid 
Add 1 drop of hydrogen peroxide to ensure complete 
dtssolutton, then boil to decompose the excess Add 2 ml of 
sodmm acetate solutron, 0 5 ml of tartartc acid solutron and 
dilute to ca 15 ml Add 1 drop of o-Cresol Red solution, 
and ammonia solutton dropwtse until the appearance of a 
pale yellow colour Add 2 ml of ascorbic acid solution and 
2 ml of thiosemicarbande solution, let stand for 3 mm, add 
1000 mg of HEDTA, and strr to dissolve tt Transfer the 
solution to a 25-m] standard flask, add 1 drop of Tropaeohn 
00 solutton, and ammonia solutron dropulse until the 
appearrnce of a dtstmct yellow colour. Add 1 0 ml of SPT 
solution, dilute to volume and mix Measure the ab- 
sorbance 

For < 10 pg of Fe use the standard-addition method For 
0 01-O 04% Fe m the sample use a lOO-mg sample and add 
400 mg of HEDTA, for 0 04-O 08% use a 50-mg sample and 
200 mg of HEDTA 

Defermmatron of Fe VI lead Dtssolve a IOOO-mg sample by 
gentle warmmg with 10 ml of water and 3 ml of concen- 
trated mtrtc acid Add 2 ml of perchlortc acid and heat to 
strong fumes Cool to room temperature, add 5 ml of 
sodium acetate solutton, 1 drop of o-Cresol Red solutton 
and ammonia solutron dropwtse until the appearance of a 
pale yellow colour Add 2 ml of ascorbic acid solutton and 
2 ml of thtosemtcarbande solutron, dilute to ca 15 ml and 
let stand for 3 mm Add 1300 mg of HEDTA and stir to 
drssolve tt Transfer the solutton to a 25-ml standard flask, 
add 1 drop of Tropaeohn 00 solutton and ammonia solutton 
dropwtse until a dtstmct yellow colour appears Then add 
1 0 ml of SPT solutton, dilute to volume and mtx Measure 
the absorbance 

For 0 01-0.02% Fe content use a 200-mg sample and 250 
mg of HEDTA, and for 0.024 04% use 100 mg of sample 
and 125 mg of HEDTA 

Determmatlon of Fe m brsmuth Dtssolve a lOOO-mg 
sample by gentle warming with 3 ml of concentrated 
perchlonc actd and 10 drops of concentrated mtrtc acid 
Evaporate the solutton nearly to dryness Cool, add 10 ml 
of water and 1300 mg of HEDTA and sttr to dtssolve tt 
Transfer the solutton to a 25-ml standard flask and add 2 ml 
each of ascorbic acid and thtosemrcarbande soluttons Let 
stand for 3 mm Add 1 5 ml of HEDTA solutton, 1 drop of 
Tropaeohn 00 solutron and ammonia solutton dropwtse until 
a dtstmct yellow colour appears Then proceed as for lead 

RESULTS AND DISCUSSION 

The SPT reagent synthesized by us was character- 
ized by elemental analysts, loss m weight on drying, 
molecular weight determmation and its absorption 
spectrum, and shown to be authentic. 

The Fe(U)-chelate has its absorptton maximum 
at 560-564 nm, and SPT absorbs light negligibly at 
~500 nm. Hence 560 nm is used for the detemu- 
nation and water may be used as reference 

Reactron condrtrons 

The optimum pH range was found to be 3 l-5 0, 
and pH 3 W.0 was chosen for use, so Tropaeohn 00 
may be used as the indicator for pH admstment The 
absorbance obtained for 40 pg of iron was virtually 
constant (0 707-O 712) with 1.5-3 0 mg of SPT at the 
chosen pH, so 2.0 mg of SPT is recommended for 
determmation of 940 pg of Fe. 

As SPT reacts with Fe(H) but not Fe(M), the latter 
must be reduced. Dithiomte and sulphurous acid 
were not chosen, because the former IS likely to be 
photolysed and solutions of the latter are not stable. 
As hydrazmmm salts always contam traces of iron, 
and thioglycollic acid forms precipitates with Bi(III), 
Cu(II), Ag(I), Hg(II), Cd(H) and Pb(I1) under the 
specified conditions, none of these IS suitable Ascor- 
btc acid or hydroxylammonmm chloride or both m 
combmatton were found satisfactory 

Ascorbic acid is generally the preferred reductant, 
as hydroxylammonmm chloride reduces Fe(II1) less 
quickly9 and its reducing ability depends on pH ‘O For 
40 pg of Fe(M), 50-100 mg of ascorbtc acid gave 
practically constant absorbance 



Iron in non-ferrous alloys 857 

Wavelength (nm) 

Fig 1 Absorption spectra of SF’T (1) and Its Iron chelate (2) l-cm cell, [SW 80 pg/ml, [Fe(II)] 
0 48 pg/ml 

The effects of a vanety of surfactants and of 
ethanol were studied but none proved useful. 

The colour reaction of SPT with Fe(H) 1s very 
rapid and the absorbance remains virtually un- 
changed for 2 hr The SPT solution itself 1s very 
stable, and can be used for at least 11 months If It 1s 
not exposed to direct sunlight. In contrast, the iron 
standard solution B gives constant absorbance values 
for only the first 8 hr after preparation. 

Interferences 

It 1s necessary to add suitable auxiliary hgands to 
prevent hydrolysis of multivalent cations, and to 
mask mterferences In addltlon, an appropriate buffer 
must be chosen. The effect of a number of potentially 
useful reagents for these purposes was examined, with 
the results shown m Table 1. On the basis of these 
results, tartarlc acid and sodmm acetate were chosen 

Table 1 Effects of dtverse reagents 

Reagent 

Amount 
added Fe, pg 

rng mmole Added Found 

Sodmm acetate 

Tartarlc aced 

Trlchloroacetlc acid 

2,9-Dimethyl-l,lO- 
phenanthrohne 

Thlourea 

Thlosemlcarbazlde 

HEDTA 

Zn-HEDTA 

6 10 10 
7 10 11 

10 10 11 

1050 10 10 

50 10 10 
125 10 12 

6 10 10 

100 10 IO 

400 40 600 40 :i 

120 10 11 
160 10 9 

04 40 34 
08 40 25 

025 10 10 
20 19 

as auxiliary hgand and buffermg agent, respectively, 
and the masking agents were selected as discussed 
below 

Table 2 lists the effects of numerous species on the 
determmatlon of 10 pg of iron and shows that the 
determmatlon IS highly selective. An appreciable 
amount of Pb(I1) 1s tolerable. The presence of a 
little PbCl, precipitate does no harm, as already 
mentioned. Ag(I), Hg(II), Se(IV) and Se(VI), if 
present, would be reduced to the elemental state by 
ascorbic acid The reduction of Ag(1) and Hg(I1) 
can be delayed by addmg a sufficient excess of 
thlourea Ascorbic acid can also form coloured 
complexes with certain metal ions, e.g., Ti(IV) 
and Mo(VI), but such side-reactlons can be avoided 
by using hydroxylammomum chlonde as the 
reductant 

Chotce of masking agent 

To enhance the selectivity, masking agents were 
searched for on the basis of Tables l-3. Table 3 was 
used to find a metal complex that would undergo a 
displacement reaction with certain metal Ions that 
had to be masked (Table 2), but not with lron(II) or 
its STP complex. Accordmgly Zn-HEDTA was 
chosen because the tolerable amount of Zn(I1) was 
found to be 26 mg (Table 2) and the Zn-HEDTA 
complex 1s the most stable (of those listed m Table 3) 
relative to the corresponding iron(I1) complex at pH 
4, and thus would have least effect on the Fe-SPT 
system. Bl(III), Cu(II), Hg(II), In(II1) and Nl(II), 
which react more readily with HEDTA, should dn- 
place Zn(I1) from its HEDTA complex and thus be 
masked. In practice Zn(I1) may be added first, then 
HEDTA m stoichiometric amount. This order of 
addition can also be reversed to mask Co(II), but 
Zn(I1) should then be added m superstoichiometnc 
amount to displace Fe(I1) from Fe(II)-HEDTA. Of 
course Fe(II1) should be reduced to Fe(I1) m advance, 
m either case. The adequate masking of Cu(I1) re- 
mains a problem however. 



Table 2 Effects of dwerse eons [added Fe(II1) 
10 pg, SPT 2 mg, ascorbic acid 0 1 g, sodmm 

acetate 5 mmole. tartarlc acid 0 75 al 

Ion Added, rng Fe found. UP; 

& 
Al 
As(II1) 
B(II1) 
Ba 
Be 
B1(111) 
Ca 

:&II) 
Co(I1) 
Cr(V1) 
Cu(I1) 

DY 
Er 
Ga 
Gd 
Ge 
Hg(II) 
In 
La 
Lu 
Mg 
Mn(I1) 
MO(W) 
Nb(V) 
Nd 
Nl(II) 
P(V) 
Pb(I1) 
Pd(I1) 
Pr(II1) 
Re(VI1) 
Sb(II1) 
SC 

&(IV) 
Sn(IV) 
TaW 
Tb 
Te(V1) 
TI(IV) 
TKI) 
V(IV) 

WVI) 
Y 
Yb 
Zn 
Zr 

0 15 
10 
45 

10 
12 
10 
2 

10 
20 
10 
1 
1 86 
0 12 
0.75* 
0 90* 

14 

;p 
10 
16 
04 
gt 

17 
2 

loo 
25 
17 

: 
1t 

2; 
01 
2 
78 

60 
1 
1 

275 
1 
9 16 
0.03 
4 

;25t 
2 5t 

10 
109 

2z7 
2 

12 
95 

10 
95 

10 
11 
10 
10 
95 

10 
10 
95 

17 
95 

10 5 
12 
115 
9 

10 
12 
11 
11 
10 5 
11 
10 5 
10 
12 
10.5 
10 5 
10 
95 

10 
I05 
105 
11 
95 

10 
95 
95 
9 

115 
10 
8 

10 
9 

13 
11 
115 
12 
9 

11 

*Plus 160 mg of thlosemlcarbaude 
tPlus 1 0 ml each of HEDTA solutton and 

zinc solution 

Elzmmatton of mterference from G(U) 

Cu(II) is frequently encountered along with iron, 
and reacts preferentially with SPT to form a coloured 
chelate. As the Irving-W~lllams order applies to the 
stability constants of the SPT complexes, Cu(I1) is the 
most serious mterferent, and cannot be effectively 
masked by use of tartaric acidi or the Zn-HEDTA 
complex Even the use of EDTA14 or citric acidI or 
both” fails 

The problem with Cu(I1) is twofold its colour is 
deepened on masking, owing to chelation, and tt is 
readily reduced on adding the reductant Fe(II1) 
would be more strongly chelated than Cu(I1) by 
EDTA m the weakly acrdtc medium used, and hence 
less easily reduced sub~uently, owmg to the shift of 
its redox potential favouring the Fe(II1) state There- 
fore it is not advisable to add EDTA first. On the 
other hand, if the reductant is added first, then Cu(I1) 
would be more readily reduced. The reduction of 
Cu(I1) to Its elemental state provides a quanutatrve 
separation of Cu from Fe and was adopted by ASTM 
with Fe-free lead as reductant,i’ but requires two 
additional steps, heating and filtration Therefore 
elimination of Cu interference m a convenient way 
remains a problem deserving further study 

The reactions mvolved m the n-on determmatron 
compnse reduction and chelation In our opimon the 
masking reactions for Cu(I1) should preferably occur 
m parallel wtth them It IS highly recommended to 
convert the Cu(II) mto a pale-coloured cuprous 
chelate In this way any addttional steps such as 
heating and separation can be drspensed with 

Accordingly some experiments to mask 0.9 mg of 
Cu{II) were conducted (Table 4) Preczpztation was 
observed m only one case, and IS attributed to an 
ion-associate of SPT with Cu(I)-2,9-drmethyl-l,lO- 
phenanthrolme chelate Throurea, even added m 
large excess, failed to mask Cu(1) completely Di- 
ammothiourea was also found unsuitable, but 
thlo~mlcarba~de proved very effective, forming a 
4-co-ordmated chelate with two five-membered rings 
Up to 160 mg of tt can be tolerated m the Fe 
determmatton (Table 1) and is sufficient to mask 
0.9 mg of Cu(I1) completely on 3-5 min standing 
(Table 4). It forms an intensely blue complex with 
CufII) I8 

Thiosemtcarbande IS reported to be soluble m 
water and ethanol,” but its solubihty is so limited 
that it is impossible to prepare a 1% solution in either 
solvent It is more soluble m acetic acid, and a 4% 
solution can be readily prepared as described m the 
ex~~rnen~l part. 

Elunrnation of the matrzx e@ct 

In the analysis of high-purity metals the amounts 
of concomitant impurittes are very low, so their 
interfering effects can be readily eliminated The effect 
of the matrix element IS much more pronounced as 
the sample weight increases To eliminate it two 
masking techniques are recommended m this paper 
superstoichiometric and substoichiometric ” In the 
former a sufficient excess of tartarrc acid is used to 
mask Sn and Sb In the latter HEDTA is added m an 
amount that is slightly less than stoichiometrtc, yet 
sufficient for the amount of free matnx element to be 
wrthm the tolerance hmtts. HEDTA was chosen 
because it 1s very soluble m water and acids,*’ and can 
be added m solid form to keep the volume of the 
analyte solutton as small as possible. 
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Table 3 Formation constants* of some complexonates” 

859 

Cation 

EDTA DCTA EGTA DTPA HEDTA NTA 

log Kf log K; log Kf log K; log Kf log K; log Kf log K; log Kf 108 K; log K, log K; 

W(III) 
Cd(D) 
Co(I1) 
CufIIf 
Fe(I1) 
H&II) 
In(II1) 
Mn(I1) 
N1(11) 

22 8 142 24.1 140 23.87 13 3 29.q 17 9 218t 14.6 - - 
165 79 192 91 156 61 190 72 130 58 10.1 43 
163 77 189 88 123 I8 190 72 144 72 10.6 48 
18 8 10.2 21 3 11.2 17 6.5 205 87 174 102 12.7 6.9 
143 57 18.2 8 1 11.9 14 160 42 122 88 
21 8 132 24 3 142 23.2 127 27 0 152 20 1 1:9 12.7 :8 
25 0 16.4 28 7t 186 - - 29 Ot 172 17 2t 10’0 150 92 
14.0 54 168 x.: 11.5 10 155 10 7 74 16 
186 100 194 136t 31 200 170 11 3 5.5 

Zn(Ii) 165 79 18 7 8.6 12.8 2 3 180 62 14 5 7.3 105 47 

*K; IS the condmonal formation constant at pH 4 
tFrom Cheng et al I2 

Table 4 Reductton and maskmg of 0 9 mg of Cu(I1) 
(reductant 0 1 g of ascorbic acrd) 

Added 

Masking agent mg ml Observation 

Tartarrc acid 
2.9~Drmethyl-l,lO- 

phenan~rollne 

Throurea 

Throsemrcarbazide 

0 1M HEDTA 

0 IM HEDTA 
+ 0 1M Zn(I1) 

500 Brown solutron 

6 

60 
500 

80 
100 
120 

10 

Brown prectp&ate 

Brown solutron 
Absorbance 0 103 

0040 
0040 
0011 

Brown solutron 

12 Green solutron 

It IS more advantageous to use superstotchlometrtc 
masking for Sn and Sb than vola~ll~tlon with 
bromlne/hydrobromi~ acid mixture, m whrch iron 
may be lost if the temperature and time of volatihz- 

atron are not ngtdly controlled,” and the blank may 
be appreciable 

Performance characterwtws 

The condtttonal formation constant (log /3;) of the 
iron-STP complex is 16.23, high enough for complete 
reaction. Under the specified conditions 1040 #g of 
n-on m 25 ml of analyte solutton can be determined 
with a standard deviation of 0 5 pg (n = 15). The 
molar absorpttvity of the complex is 2.8 x lo4 
1 .mole-’ . cm-‘. The blank can be made negligible by 
taking care to prevent contammatron. The lower limit 
of dete~lnation may be reduced to 5 gg, but the 
errors mvolved may be somewhat larger 

Appllcatrons 

The method has been successfully applied to direct 
determination of tron m some reagent chemicals and 
a number of non-ferrous metals and alloys. Results 
for some synthetic samples, certified reference ma- 
tenals and mdustrtal samples are shown m Tables 5 

Table 5 Determmatron of Fe m some synthetic samples by the proposed method 

Composttron of the synthetrc sample, mg 

Sb(II1) 48, As(II1) 0 5, Cu(I1) 0 12 

Fe, a 
Added Found 

100 99 
200 192 

Sn(IV) 46, Sb(II1) 3, Pb(I1) 5, B1(111) 0 1 As(W) 0 1, 
Cu(I1) 0 12 20.0 200 

100 100 

Pb(I1) 48, Sb(II1) 3, Sn(IV) 5 100 100 
200 195 

Pb(I1) 10, Sn(IV) 1 7, Sb(II1) 1.7, Cu(I1) 0 3, 
As(II1) 0 I, BI(III) 0.01, Zn(I1) 0 015, Al(II1) 0 001 100 98 

150 142 

Sn(IV) 250, Pb(I1) 2 8, Sb(II1) 0 6, As(II1) 0.25, Cu(I1) 0 32, 
Br(II1) 0 25 95 90 

Sb(II1) 50, As(II1) 0 001, Cu(I1) 0 63 100 90 
Sn(IV) 10, Sb(II1) 1 3, Pb(I1) I 1 Cu(I1) 065, Zn(I1) 0001, 

B1(111) 0 008 142 145 
BI(III) 1000, Cu(II) 0 32, Te(IV) 0 03 100 98 
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Table 6 Determmatlon of Fe m some mdustnal samples by ongmal manuscript, Dr Xu Pan-mmg and MS Yang Cal-ban 
the orooosed method for checkma the extxznmental sectlon, and Dr Huang Ye 

Sample 

_ _ 
Fe found, % cheng for sipplymg ihe SPT specimen synthesized by her for 

comparison 
Alummmm, domestic 

from Japan 
CRM 

Alummmm foil 

0 17* 
0 29* 
0 22t 
0 06 1 

REFERENCES 

1.30 6685, 1980 

Al-Zn-In& alloy 

Al-Zn-In-Cd alloy 
Antimony 
Tm 
Sn/Pb solder 

Pb/Sn alloy 

Sn-Sb bearmg-alloy 

Lead alloy 
Lead 
Bismuth 
Zmc, As-free (BDH) from South Korea 

0 16 
0 09 

; 
0 11 3 
0 15 4 

0 013 
5 

0.010 0008 6 

0017 
7 

0 0055 8 

0 0078 
9 

0047 10 

0 066 
0 0035 

11 

00006§ 
00021 

12 

0 0035g 
0 0058 
0 0026$ 

13 

0 0004 
14 

Bismuth mtrate, analytical grade 

*Checked with the l,lO-phenanthrolme method 
jCertlfied value 0 22% 

15 

$By the standard addition technique 
16 

and 6 The coefficient of variation has been found to 
vary from 1 2 to 5.0% A much lower sample weight 

;i 

IS required than with previous methods 19 
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SHORT COMMUNICATIONS 

DETERMINATION OF TRACE HEAVY METALS IN 
WATERS BY ATOMIC-ABSORPTION SPECTROMETRY 

AFTER PRECONCENTRATION BY LIQUID-PHASE 
POLYMER-BASED RETENTION 
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Summary-A new method for the determination of metals m waters by flame atonuc-absorption 
spectrometry IS described The metals are retained by water-soluble polymers m a membrane filtration cell 
and the factors wiuch Influence then determination are discussed The method has been apphed to the 
determmation of Ni, Cu, Zn, Hg and Cd m drmkmg and river water with poly(ethylenemune) and its 
thlourea derivative as complexmg polymers. The metals were determined m the aqueous concentrate after 
a 250-fold preconcentration by 2% polymer solutlon at pH 7 The metal recovenes were at least 92%, 
and the hmrts of detectIon (ng/mg) were 0 012 for Cu, 0 006 for Zn, 0 03 for I%, 0 004 for Cd and 0 0001 
for Hg (cold vapour method) When a new type of membrane filtranon cell IS used even higher 
preconcentratlon factors can be achieved and lower concentrations can be determined 

Determmatlon of trace metals m natural and waste 
waters 1s Important for monitormg environmental 
pollution. Direct estlmatlon of very low levels of 
elements is often tmposslble even by the most sophls- 
tlcated instruments and especially when mterfenng 
components are present In addition, such instru- 
ments are rather expensive. Therefore, it 1s more 
convenient and less costly to use modern standard 
equipment with preconcentratlon and separation 
methods. To this end, sorption, Ion-exchange, hq- 
uld-liquid extraction, co-preapltatlon and other 
methods are used. ‘** Although many such methods 
have been developed and successfully applied, their 
use can still cause some problems, e g , m the analysis 
of organic solvents or solid concentrates 

Previously we have shown that for the preconcen- 
tratlon of metal tons a new method called “Llquld- 
Phase Polymer-Based Retention” (LPR) can be 
used 34 The LPR method is based on the ability of 
water-soluble polymeric reagents to form soluble 
polymer complexes and the subsequent separation of 
these complexes from low molecular-weight species 
by membrane filtration. To apply LPR to the anaiysls 
of waters and very dilute solutions It is important to 
be able to preconcentrate the elements which are to 
be determined For this purpose, a large volume of 
sample 1s placed m a reservoir and passed under 
pressure through a membrane filtration cell The cell 
contains a small volume of aqueous polymeric 
reagent solution which IS capable of formmg stable 
soluble complexes of the metals of interest. The 

metals complexed by the polymer are retained m the 
aqueous cell solution whereas other ions pass through 
mto the filtrate, because the membrane chosen sepa- 
rates the macromolecular complexes and reagent 
from low molecular-weight species. If necessary, the 
concentrate m the filtration cell can then be washed 
with water from another reservoir to remove major 
constituents left m the cell after the trace metal 
enrichment Thus both absolute and relative precon- 
centratIon are achieved 

The method 1s simple and easily automated. The 
degree of concentration of the metals 1s controlled by 
the duration of the enrichment process Details of the 
equipment and procedure have been described else- 
where 3m5 In the present study we have investigated 
the condltlons for the flame atomic-absorption deter- 
mination of metals concentrated from natural drmk- 
mg and river waters by use of solutions contammg 
water-soluble polymers The water-soluble reagents 
poly(ethylenelmme) (PEI) and its thlourea denvatlve 
(PTU) were used The data obtamed led to the 
development of a method for the determination of 
trace metals m waters and very dilute aqueous solu- 
tlons 

EXPERIMENTAL 

Metal concentrations were determined by flame atomic- 
absorptmn spectrumetry with a Perkm-Elmer 4000 spec- 
trometer Electrothermal determmatlon of metals was 
performed with a Beckman 1248 spectrometer with a 
graphite furnace (Beckman GRM 1268) Mercury was 

TAL M,s-0’ 
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measured by a cold vapour atomic-absorption technique 
with a Beckman ML-75 device The PEI concentration m 
solution was determmed with a Perku-Elmer Lambda 5 
spectrophotometer 

Standard membrane filtration eqmpment was used, con- 
slstmg of a filtration cell with a magnetic stirrer and a 
membrane characterized by an exclusion size of IO4 (Amlcon 
PM 10, Mllhpore PTGC, or equivalent), a reservoir, a 
selector and a regulator 3-5 The pressure of mtrogen was 
kept constant at 300 kPa durmg the membrane filtration To 
obtain lugh concentration factors (2 100) a specially de- 
signed analytical radial flow filtration cell equipped with 
pumps was used ’ The total mtenor volume of the system for 
the concentration of metals with both cells was 8 ml The 
membrane surface area was 9 cm* m the conventional cell 
and 308 cm* m the radial-flow cell (IO-fold preconcentratlon 
with such a membrane surface takes 7 mm) The pH values 
were measured with a Metrohm E 512 pH-meter 

Reagents 

Acid, base and salt solutions were prepared from analyt- 
ical grade reagents and doubly dlstllled water NWc acid 
and ammonia solutions were used to adjust the pH Stan- 
dard solutions of metal salts (Merck, Darmstadt, FRG) 
were used for atomic-absorption determmatlon PEI was 
obtained from BASF (Ludwlgshafen FRG), PTU was syn- 
thesized according to published procedures 3 The polymeric 
reagents were filtered with the membrane prior to use and 
washed free from metal lmpurltles with 0 1M potassium 
chloride and then doubly dIstilled water To achieve very 
low blank values for the metals determmed, the reagent 
solution should also be washed with 0 1M high-purity mtnc 
acid and then water 

Procedure 

Recovery experiments were performed with synthetic 
samples containing the elements to be determined A water 
sample was placed m the reservoir and passed under pres- 
sure mto the membrane filtration cell contammg 8 ml of a 
2% solution of polymer reagent The pressure was kept 
constant at 300 kPa durmg filtration by means of a cyhnder 
of nitrogen After preconcentratlon the aqueous concentrate 
was transferred mto a lo-ml standard flask, the cell being 
nnsed with 2 ml of 2% polymer solution, the rmsmg used 
to make up to volume The concentration of PEI m the 
solution and the pH of the concentrate were measured The 
metal content of the concentrate was determmed by atomlc- 
absorption spectrometry The standard reference solutions 
for the determmatlon were prepared with the same polymer 
concentration as that of the test solution Drmlcmg and river 
water samples were collected m polythene bottles, which had 
been pretreated by filling with 8M mtnc acid, pouring out 
the acid and allowmg the inverted bottles to dram wlthout 
rmsmg The samples were adjusted to pH 2-3 for storage 
and to pH 7 pnor to membrane filtration River water 
samples were passed through filter paper prior to use 
(prehmmary experiments showed no change m blank values 
for the elements studied) 

RESULTS AND DISCUSSION 

Atomic-absorption determmation of metals m solutions 
of water -soluble polymers 

The influence of PEI concentration on the atomlc- 
absorption determmatlon was investigated. Figure 1 
shows the change of the 1OOA /A, value (where A0 
and A are the absorbances of metal solutions m the 
absence and presence of polymer respectively) as a 
function of PEI concentration in the cell solution 
(C,) An increase of the PEI concentration results m 
a decrease m the atomic-absorption slgnal The extent 

$400 1%) 
0 

.-Cd 
q - cu 

80 - 

70 - 

601 WO) 

Fig 1 Plot of 100,4/A, values (A and A, are absorbances 
of metal solutions m the presence and absence of polymer 

respectively) us PEI concentration (C,) 

of the decrease IS the same for Cd, Cu, Zn and N1 
This could be due to the polymer influencing some 
properties of the solution as a whole, e g , the viscosity 
and surface tension It 1s known that the concentra- 
tlon, molecular weight and nature of the polymer and 
the pH of the solutron affect the viscosity. It IS seen 
from Rg 1 that the polymer concentration needs to 
be controlled Also, standard solutions and analytes 
have to be prepared under the same condltlons The 
influence of the duration and condltlons of storage of 
standard solutions of Cu, Nl, Zn, Cd, Hg and Pb 
(metal concentration 0 l-10 ppm, pH 7) on the 
atomic-absorption signals m the presence of 2% PEI 
were studled Conventional storage at room tempera- 
ture for one month causes no effect on the signals 
The influence of polymers on the atomic-absorption 
signal m the cold vapour atomic-absorption tech- 
nique for the determination of mercury was mvestl- 
gated. We observed no decrease of the 
atomic-absorption signal m the presence of 2% PEI 
or 2% PTU Reference aqueous solutions wthout 
polymer can be used for the determmatlon of Hg by 
the cold vapour technique. 

Table 1 Recovery for known additions of metals to syn- 
thetic samples contauung 20 fig/ml Na, K, Ca and Mg, by 
the LPR-flame AAS technique, with 2% PEI solution for 

metal retention and 250-fold preconcentratlon 

Added, Found,* Recovery, 
Metal nglml nglml % 

CU 50 46+05 92 
25 0 238&14 94 

Zn 40 0 421k28 105 
80 0 782&4 1 98 

Nl 05 046+0 11 92 
40 41+06 102 

Hgt 0 002 00022+00006 110 
0 008 00072~00020 90 

Cd 0 008 00080~00012 100 
0 025 0 023 & 0 004 92 

*Mean k standard deviation of 5 measurements 
tCold vapour technique 
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Table 2 Results of metal determmatlons m waters by the LPR-flame AAS techmque with 2% polymer 
solutions for metal retention preconcentratlon 250-fold, 1 I rephcates for PEI and 3 for PTU 

cu Zn Nl Hg* Cd 

Water RSD, RSD, RSD, RSD, 
sample Polymer ng/ml % ng/ml % nglml % nglml % nglml 

Drmkmg water PEI 100 10 120 6 06 20 <OOOOl - <0004 
(Tubmgen) PTU 98 15 - - 08 25 <OOOOl - <0004 

River 
water PEI 8 0 10 160 10 3 0 20 0 005 30 <0004 
(Neckar) 

*Cold vapour techmque 

Effect of experrmental condztlons on metal recoveries 

We have studied the effect of polymer concentra- 
tion (l-2%) and pH (l-8) on the recoveries of trace 
amounts of Cu, Zn, Nt, Cd and Hg from synthettc 
samples m the absence and presence of Na, K, Ca and 
Mg (l-20 ppm) In these studies a maximum filtration 
factor (the ratto of sample solution volume to mtertor 
cell solution volume) of 10 was used. Maximum 
stmultaneous retention of all the elements was 
achieved with 2% polymer solutions at pH 6-8 A 
filtration factor of 10 1s sufficient for the determma- 
tton of Cu m drmkmg and nver waters by flame 
atomic-absorptton spectrometry Nt and Cd cannot 
be determined m the samples studied, even by elec- 
trothermal atomtc-absorptton spectrometry, and Hg 
cannot be determined by the cold vapour technique 
even after IO-fold preconcentratton For the determi- 
natton of these metals m water filtration factors 
greater than 10 are required We have studted the 
metal retention m model soluttons by 2% PEI and 
2% PTU at pH 7, with filtration factors from 20 to 
250 Both polymer reagents retam Cu, Nt, Hg and Cd 
quantttattvely whereas Zn 1s concentrated completely 
only by PEI Thus, an enrichment factor equal to the 
filtration factor can be obtained for the elements 
mvesttgated. The prectston and recovenes achieved 
after a 250-fold preconcentratton have been examined 
by the analysts of model samples contarnmg K, Na, 
Ca and Mg (Table 1) The prectston was character- 
tzed by relative standard devtattons of 6-30%, de- 
pending on the concentration level, and the mean 
recovenes ranged from 92 to 110% 

The results of the determmation of heavy metals m 
drmkmg and nver waters by the combined LPR- 
flame AAS technique are shown m Table 2 Matnx 
effects were examined by the standard-addttton 
method (to estimate the multiphcattve component of 
systematic error) and the sample-vartatton method 
(to estimate the additive component). For all determi- 
nations the devtations between the amounts of metal 
found and added were wtthm expertmental error. The 
sample-variation method showed that the results 
were independent of sample volume ranging from 

0 15 to 2 htres The data confirmed that systematic 
errors were absent In addttton, the results for Cu and 
Zn determmatton m a sample of dnnkmg water by 
the LPR-flame AAS method were compared wrth 
those obtained by electrothermal AAS (other ele- 
ments studied cannot be determined by dtrect 
ET-AAS measurements) The metal contents deter- 
mined by the two techniques (ng/ml) were 11 3 + 0.5 
and 125fO13 for Cu, and 710f40 and 
80 0 f 10 0 for Zn, respectively The hmtts of detec- 
tton (ng/ml) estimated by the 3a-cnterton from 5 
replicates wtth a filtration factor of 250 were 0 012 for 
Cu, 0 006 for Zn, 0 03 for Nt, 0 004 for Cd and 0 0001 
for Hg (cold vapour method) To achieve the stated 
detection limits on a routine basis strmgent contam- 
matton control procedures are required. The results 
show that the combmation of LPR and flame AAS 
can be used for the analysis of very pure waters 

CONCLUSION 

The LPR method for the preconcentratton of trace 
metals can be used successfully to improve the senst- 
tivity of atomic-absorptton deterrmnattons of trace 
metals in waters 
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DETERMINATION OF DEHYDROGENASE SUBSTRATES 
BY CLARK-TYPE OXYGEN ELECTRODES AND 
PHOTOSENSITIZED COENZYME OXIDATION* 

J POLSTER and H -L SCHMIDT? 

Lehrstuhl fur Allgememe Chemte und Bmchemre, D-8050 Freamg-Wethenstephan, F R G 

(Recemed 3 December 1988 Rewed 2 February 1989 Accepted 24 March 1989) 

Summary-The photosenstttzed oxtdatton of NADPH by oxygen can be used for the determmatton of 
the reduced coenzymes by means of a Clark oxygen electrode. Thts method 1s suitable for couphng to 
enzyme-catalysed dehydrogenatton reacttons and thus for the determmanon of glucose-6-phosphate 
wtth glucose-6-phosphate dehydrogenase and of glucose with the combmed ATP/hexokmase/glucose& 
phosphate dehydro~nase system, even wtth the use of irnrnoblh~d medtators 

The electrochemtcal coenzyme oxidatton for the 
amperometrtc determmation of the concentratron of 
reduced mcotmamide adenme dmucleotide phos- 
phate, NADPH, has been performed by means of a 
variety of solid electrodes-’ In many cases NADPH 
IS directly oxrdized at the surface of a platinum or 
carbon electrode, causing an amperometric signal 
proportional to the concentratron of the coenzyme. 
Because of the high overvoltage usually needed for 
the use of common electrodes, modified electrodes 
have been employed for electroanalytic coenzyme 
oxidation, and the enzyme-catalysed oxidabon of 
NADPH by molecular oxygen has been monitored 
with a Clark-type electrode 6 By coupling these 
reactions to NADP + -dependent dehydrogenattons 
the substrates of the correspondmg enzymes can be 
determmed 

NADPH. The momtormg of this reaction system by 
Clark-type electrodes, modified with photosensttive 
dyes, IS developed, thus provldmg the basis for 
determmatron of substrates of NADPH-dependent 
dehydrogena~s with compact enzyme electrode 
probes 

EXPERIMENTAL 

Reagenls 

Another prmctple for non-enz~atlcally catalysed 
oxtdatron of NADPH IS photosensttrzed (e g , by 
vrsrble hght) electron transfer In such reactions a dye 
such as Methylene Blue (MB+) or phenazme metho- 
sulphate in its electromcally excited state acts as an 
electron acceptor capable of oxtdtzmg NADPH 8 The 
resultjng reduced dye IS chemically reoxrdtzed by 
molecular oxygen If thts reaction is coupled to 
enzyme-catalysed NADPH production, the concen- 
tration of the substrates of the correspondmg de- 
hydrogenases can be determmed by means of the 
oxygen consumption observed The oxygen consump- 
tion has been monitored by the Warburg technique* 
or by means of Clark-type oxygen electrodes’ m 
homogeneous systems 

All chemicals were of the highest purtty available 
Methylene Blue hy~~hlorlde (free from zmc) was pur- 
chased from Serva, Heidelberg, enzymes and coenzymes 
from Boehrmger, Mannheim, -Azure A (for mtcros&py) 
from Fluka, Buchs, and 3-ammopropyltrtethoxystlane from 
Merck, Darmstadt Stock soluttons of Methylene Blue 
(O.O5M), NADPH (0 02M), magnesium chlonde (0 IM), 
NADP+ (0 2M), glucose-dphosphate (G-6-P) (0 02N), 
ATP (adenosme-5’-tnphosphate) (0 15M) and glucose 
(0 02M) were made 

Procedures 

All assays were performed at pH 7 6 and at 30 and 32” 
m 0 1M phosphate buffer, the oxygen saturatton of which 
was recorded *dally for cahbratton purposes 

NADPH caltbratlon curve Ten ul of Methvlene Blue 
solutton and ahquots of the NADPH sofuhon ($10, 1520, 
25, 30 pl) were added to phosphate buffer m the ceil of 
a Clark-type electrode (Bachofer, Reutllngen) to gtve a 
total volume of 2 ml The photoreaction was started by 
trradtatton of the cell with a slide projector (150 W), and the 
oxygen consumptton was recorded by a Ktpp & Zonen 
recorder (BD 8 multtrange) 

In the context of the determmation of the sub- 
strates of oxtdases the Clark oxygen electrode IS a 
well established tool K+” In the present paper we 
demonstrate the coupling of determmation of oxygen 
consumption with photosensltlzed oxidation of 

G-6-P calrbratton curve Ten ~1 of Methylene Blue sol- 
ution, 100 ~1 of magnesmm chlorrde soluhon, 50 ~1 of 
NADP+ solutton, 20 pl of G-6-P dehydrogena~ solutron 
and ahquots of the G-6-P solutton were added to phosphate 
buffer to give a total volume of 2 ml The photoreactton was 
started and the response recorded as above 

Glucose cahbrarron curve Ten ~1 of Methylene Blue 
solutton, 100 ~1 of magnesium chloride solutton, 50 ~1 of 
NADP+ solution, 50 pl of ATP solution, 20 pl of a 1 1 
mtxture of the hexokmase and G-6-P dehydrogenase sol- 
utrons and ahquots of the glucose solutton were added to 
phosphate buffer to gave a final volume of 2 ml and the 
reaction was started and monitored as above 

*Dedicated to Professor Dr H Mauser for the 70th Immobdtzatwn of Azure A Sthca powder (Ventron, 325 
anmversary of his birthday mesh) was treated with 5% v/v mtrtc acid overnight, then 

-/To whom correspondence should be addressed washed thoroughly with water Stlanatlon was performed 

864 
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Fig I Oxygen consumption by NADPH-oxldatlon m the 
presence of excited Methylene Blue A 2 5 x 10e4M solution 
of NADPH IS lrradlated at 32” m the presence of lo-‘M 
Methylene Blue and the decline of the 0, concentration 
observed after irradiation 1s measured Increase of the OZ 
concentration after addition of catalase indicates that part 
of the ongmally consumed 0, had been reduced to H,O, 

wth 3-ammopropyltnethoxysdane according to the pro- 
cedure descr&d earher I3 Azure A was coupled to the 
moddied slhca powder with the aid of glutardlaldehyde and 
subsequent reduction of the product by sodium borohydnde 
as described previously I3 

RESULTS AND DISCUSSION 

NADPH can be oxidized by photoexctted 
Methylene Blue (MB+), and the reduced dye, MBH, 
can be reoxldrzed by molecular oxygen Reduction 

of the oxygen proceeds by a complex sequence of 
reactions, producmg among other intermediates the 
superoxlde radrcal anion, which leads to hydrogen 
peroxide and this m turn IS capable of oxldmmg MBH 
and so a stolchlometnc productron of hydrogen 
peroxide 1s not observed. 

As can be seen m Fig. 1, there IS a steep decrease 
m the oxygen concentration in the solution when 
MB+ IS u-radiated m the presence of NADPH As 
predicted, the total oxygen consumption IS less than 
the amount calculated for the stolchlometnc conver- 
sion of the reduced coenzyme (2 5 x 10e4M) Thts IS 

due to the addmonal oxldatlon of MBH by the 
hydrogen peroxide generated The formatron of the 
peroxide can be demonstrated by the productron of 
oxygen on addrtron of catalase (Fig. 1) However, m 
spite of the interference of the peroxide a propor- 
tional relatronsmp between the concentratron of 
NADPH and the oxygen consumptton 1s observed 

(Prg 2) 
The electron transfer between NADPH and oxygen 

IS catalysed by phenazme methosulphate (PMS) even 
m the dark PMS IS photochemrcally destroyed 
rapidly at pH 7 6 (0 1M phosphate buffer) with 
consumption of oxygen durmg the uradlatron (with 
a slide proJector at a distance of 25 cm from the Clark 
cell) Therefore, m the presence of light MB+ should 
be used instead of PMS as the electron transfer 
mediator 

As a model for the determmation of a substrate 
of an NADPH-dependent dehydrogenase reaction, 
G-6-P was chosen The complete reactron can be 
described by the followmg scheme (DH = G-6-P 
dehydrogenase) 

0 
0 10 20 30 

- %ubrtr’& IlO-‘Ml 

Fig 2 Total 0, consumption (rapld concentration change as m Fig 1) durmg the MB+-mediated 
coenzyme oxldatlon as a function of substrate concentration Substrates x-x NADPH 
(32’), 0-O G-6-P, G-6-P-dehydrogenase and NADP+, A-_-A glucose, ATP, hexokmase, 

G-6-P-dehydrogenase and NADP+ (30”) 
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Rg 3 Oxygen consumption dunng glucose oxldatlon 
(glucose, ATP, hexokmase, G-6-P-dehydrogenase) m the 

presence of excited Azure A bound to s~hca powder 

The signal observed wtth a Clark electrode m a 
solutton after trradtatton 1s similar to that presented 
m Ftg. 1, and a range of substrate concentrations 
gives a linear cahbratton plot for G-6-P (Fig. 2). 
Bmilarly, glucose can be determined after enzymatic 
conversion mto G-6-P with ATP by hexokmase 
catalysts (Fig. 2) The results demonstrate that, m 
pnnctple, concentratrons between 0.3 x 10m4 and 
about 3.0 x 10e4M of any substrate of an NADP+- 
dependent dehydrogenase can be determined by 
measurements of the oxygen consumption. The con- 
centration range 1s hmtted by the oxygen saturation 
concentratton of 2-3 x 10m4M at ambient tempera- 
ture The error of the substrate determination 1s 
W f 5% About 4-6 measurements per hour can be 
made 

A prerequisite for the construction of compact 
enzyme electrodes or other brosensors on this prm- 
ctple would be finding tmmobihzed dyes that are also 
capable of oxtdizmg NADPH Azure A was co- 
valently bound to silica powder and a suspension of 
tt was used instead of MB+ m the system for glucose 
determmatton As shown in Fig 3, after the ir- 

radtatron oxygen consumptton was observed as m the 
case of the dtssolved mediator, so the substrate could 
be determined as before This proves that tm- 
mobthzed dyes of Methylene Blue type can also 
oxtdtze NADPH photochemtcally and provrdes a 
basis for the constructron of new enzyme electrodes 
by the co-rmmobilizatron of mediators with 
dehydrogenases. 

CONCLUSIONS 

Clark-type oxygen electrodes can be used for mom- 
tormg NADP+-dependent dehydrogenase reactions 
in the presence of photosensttrzers Because de- 
hydrogenases are found much more frequently than 
oxtdases m organisms the apphcatlon range of Clark- 
type electrodes 1s thereby constderably extended 
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SEQUENTIAL POTENTIOMETRIC COMPLEXOMETRIC 
REDOX DETERMINATION OF IRON(II1) AND 
COBALT(I1) ‘WITH APPLICATION TO ALLOYS 

B V RAO* and RADHA GOPINATH~ 

Defence Metallurgtcal Research Laboratory, P 0 Kanchanbagh, Hyderabad-500 258, India 

(Recezoed 29 December 1988 Accepted 1 March 1989) 

Summary-A simple potentiometnc method IS presented for successive determmation of non(III) 
and cobalt(I1) by complexometnc tttratron of the tron(II1) with EDTA at pH 2 and 40”, followed by 
redox titration of the cobalt(I1) complex with l,lO-phenanthrohne or 2,2’-hpyndyl at pH 4-5 and 40”, 
with gold(II1) There is no interference m ather determination from common metal ions other than 
copper( which severely affects the cobalt determmatton but can be removed by electrolysts The 
method has been successfully applied to determinatton of Iron and cobalt m Kovar and Almco magnet 
alloys 

We showed earlier’ that cobalt m high-temperature 
mckel alloys can be determined by potentiometnc 
redox trtratron m 1 , 1 0-phenanthroline or 2,2’- 
brpyndyl medium at pH 4-5 and 40”, with gold(II1);’ 
the complexmg agent consrderably lowers the redox 
potential of the Co(III)/Co(II) couple. In that study, 
It was observed that even small amounts of rron(II1) 
interfere, since under the condrttons used, the 
cobalt(I1) will reduce the rron(II1) quantitatively to 
yield ferrom3 or the uon(II)-2,2’-brpyrrdyl complex4 
[the optrmal condrtrons for the gold(III)-cobalt(II) 
and rron(III)-cobalt(II) reactions in the same 
medium are practically rdentrcal] The method has 
now been modified to allow the determination of 
cobalt and also of iron m samples such as permanent- 
magnet alloys that contam large concentrauons of 
non and cobalt. The modrficatron 1s based on direct 
trtratron of uon(II1) with EDTA at pH 2 [without 
interference from cobalt(I1) and other common 
metals] and subsequent redox trtratron of the 
cobalt(I1) with gold(II1) as before 

EXPERIMENTAL 

Apparatus 

A Leeds-Northrup type K-3 potentiometer with a plat- 
mum-SCE electrode pair was used for potential measure- 
ments and a Metrohm pH-meter with a combmation 
glass-calomel electrode for pH measurements 

Reagent7 

Stock soluttons of cobalt(I1) and gold(II1) chlorides were 
prepared from htgh-purity cobalt (Johnson-Matthey) and 
pure gold (99 9%) Workmg soluttons (0 02 and 0 OSM 
cobalt, 0 01 and 0 02M gold) were obtamed by accurate 
dtlution Iron(II1) chloride solutton, approxtmately 0 I M, 

*Author for correspondence 
tPresent address Defence Bto-Engineering and Electro- 

Medical Laboratory, Bangalore 560075, India 

was prepared from the hexahydrate and dtstilled water 
shghtly acidified with hydrochlortc acid After standardixa- 
tion by reduction and dtchromate titration, this solution was 
accurately dtluted as requtred to 0 02 and 0 OSM Disodium 
ethylenediammetetra-acetate (EDTA) solutions, 0 02 and 
0 OSM were prepared, and standardized complexometncally 
with 0.02 and 0 05M lead mtrate 

Buffer solution @H 2 0) was prepared by dissolvmg 180 
g of monochloroacettc acid m drsttlled water, addmg 66 ml 
of 5M sodium hydroxtde and dilutmg to 1 htre 

Analytical-grade salts were used to prepare solutions of 
various metal tons for interference studies 

Procedure 

Into a 150-ml beaker, transfer a known volume of 
sample solution containing 5-30 mg each of iron(III), 
and cobalt(II), add 15 ml of buffer to bnng the solutton to 
pH 2, dilute to 40 ml and titrate the tron(II1) potentro- 
metrtcally with 0.05M EDTA to Just beyond the eqm- 
valence pomt Add 0.2 ml of 0.05M iead nitrate to complex 
the excess of EDTA to prevent its reduction of gold(II1) 
m the subsequent titration Add 250 mg of l,lO-phen- 
anthrohne or 2,2’-bipyrtdyl, adJust the pH to 4.5 and tttrate 
wtth 0 02M aold(III) chloride A temnerature of 40” is 
convenient f& both’ tttratlons Use 602M EDTA and 
0 01 M gold(II1) chlortde for low concentrations of iron(II1) 
and cobalt(I1). 

Analysrs of alloys 

Dissolve a known weight of alloy m 10 ml of aqua regta, 
evaporate the solution nearly to dryness, add 10 ml of 
sulphuric acid (1 + 1) and contmue heating till dense white 
fumes of sulphur trtoxide begm to form Cool to room 
temperature, add 40 ml of distilled water and heat till a clear 
solution is obtained Cool again to room temperature and 
electrolyse with platmum electrodes at a current density of 
0 04 A/cm* After complete removal of the copper, heat 
the solution nearly to boilmg, add a few drops of concen- 
trated nitric acid to oxtdlze any uon(I1) formed during the 
electrolysts, and heat to boding Cool to room temperature, 
transfer the solutton to a 100-ml standard flask and dilute 
it to the mark Transfer an ahquot contammg 20-30 mg of 
Iron and 10-15 mg of cobalt mto a beaker, neutralize the 
solutton with dilute sodium hydroxide solutton, then add 
buffer to bnng the solutton to pH 2 0 Tttrate as described 
above 
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Table I Titration of non(II1) with EDTA and cobalt(B) 
with gold(II1) chloride 

Fe taken, Fe found,* Co taken, Co found,* 
mg mg mg mg 

21.93 2804+008 29 41 29 56 + 0 13t 
27.93 2798kO 11 29 41 2942*007$ 
5 59 5 64 + 0 06 23 58 23 65 + 0 07$ 

22 34 2224&O 11 5 89 5 96 f 0 07t 
II 17 I1 22kOO8 23 58 23 64 f 0 07t 
22 3 22 39 + 0 10 1179 11 86kO.04 

*Average of 5 determmatlons, f standard deviation 
tin presence of l,lO-phenanthrohne 
§In presence of 2,2-blpyndyl 

RESULTS 

Table 1 shows the excellent accuracy and prectsion 
achteved for mixtures of pure iron(II1) and cobalt(I1) 
solutions 

Effect of dwerse ions 

Various tons were tested for interference The 
determmattons were not affected by 50 mg of Ni(II), 
25 mg of Al(III), 10 mg of Pb(II), Zn(II), Mn(II), 
Cd(I1) or Tt(IV), and 2 mg of Nb(V), W(V1) or 
Mo(V1) Ions such as Nt(II), Zn(II), Cd(I1) and 
Mo(V1) form complexes with l,lO-phenanthrohne 
or 2,2’-bipyndyl, but their possible suppression of 
formation of the cobalt complexes can be obviated 
by the addition of a sufficient excess of complexmg 
agent Low values are obtained when copper(I1) 
is present, however, even at 5 1 ratio to cobalt, 
since tt can cause partial oxtdatton of the cobalt(I1) 
This effect can be ehmmated by removal of the 
copper by prior electrolysis at a current density of 
0.04 A/cm2 

DISCUSSION 

In the earher work,’ the cobalt(I1) method was 
applied to high-temperature nickel alloys which con- 
tam only small amounts of non (up to 0 25%). The 
interference of tron(II1) was ehmmated by reducing 
the iron to the btvalent state with metallic mercury m 
2M hydrochlortc acid, the mercurous chloride formed 
being filtered off along with the remaining mercury, 
before the cobalt was titrated 

When large amounts of iron are present, however, 
the mercurous chloride precipitate IS rather volumt- 
nous and repeated washing is needed to free it from 

Table 2 Determination of iron and cobalt in Almco and 
Kovar alloys 

Alloy 

Permanent 
magnet alloy 
BCS 233 

Iron Iron Cobalt Cobalt 
present, found, present, found, 

% % % % 

51 15* 51 10 23 72, 23 82t 
5125 23.76 

Alcomax 49 9* 49 96 24 7* 24 677 
BCS.365 49 92 24 76$ 

Hycomax III 35 6$ 35 46 33 7* 33.8t 
BCS384 35 68 33 89 

Kovar 52 15$ 52 28 18Ofi 18.17 
52 22 17965 

*Certified values 
tin presence of 1, IO-phenanthrolme 
§In presence of 2,2’-bipyndyl 
$Fe(OH), precipitation, dissolution with HCI, reduction 

with SnCl, and Fe(I1) titration with potassium dichro- 
mate 

f[Values obtained by the Vydra and Rib11 method 5 

cobalt Moreover, the reduced tron(I1) consumes a 
large amount of expensive 1 , 1 0-phenanthrohne or 
2,2’-btpyndyl. For these reasons an alternative means 
of dealing with the non(II1) interference was sought 
Investigatton showed that titratton of cobalt(I1) wtth 
gold(II1) was quantttative and without any mterfer- 
ence from tron(II1) if this was titrated first wtth 
EDTA at pH 2, at which cobalt and other elements 
m the alloys do not form complexes with EDTA and 
so do not interfere m determmatton of the iron The 
method 1s not expensive, since the gold can be 
recovered m pure form and converted back mto 
gold(II1) chloride for further use 

Table 2 shows that the method gives results m 
agreement with certified values or results obtained by 
the method of Vydra and Phbtl ’ 
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SPECTROPHOTOMETRIC DETERMINATION OF 
NOVALGIN IN TABLETS BY USE OF POTASSIUM 

IODATE 

SAIDUL ZAFAR QURESHI, AHSAN SAEED and TAUSIFUL HASAN 

Analyttcal Research Dtvtston, Department of Chemtstry, Ahgarh Mushm Umverstty, 
Ahgarh-202 002, India 

(Recemed 20 March 1987 Rewed 19 January 1989 Accepted 2 February 1989) 

Summary-An mdmxt colour reaction has been studied for determmatton of novalgn m tablets The 
method IS simple, rapid and reproductble with a relative standard devtatton of 0 2% Novalgm IS 
determined spectrophotometrtcally by means of its colour reactton with potassium todate Beer’s law 1s 
obeyed over the range l-10 mg of drug. A tentative reaction mechanism has been proposed 

Novalgm (analgm, dtpyrone) IS the sodium salt of 
(2,3 - dthydro - 1,5 - dtmethyl- 3 - 0x0 - 2 - phenyl - lH- 
pyrazol-4-yl)ethylammomethane sulphomc aad It is 
a commonly used analgesic Its determination m 
tablets is, therefore, very Important. It has been 
determined m tablets and mJectlons by high-perfor- 
mance hqmd chromatography on a reversed-phase 
column, with ultravtolet detectton.’ Its spectrophoto- 
metric determmatton has been achieved by reaction 
with cermm(IV) and measurement of the resulting 
cermm(II1) wtth arsenazo III * Antipyrine and pyra- 
midone can also be determined by this method. A 
coulometnc method for novalgin determmatton m 
tablets has also been reported.3 It has also been 
determined spectrophotometncally by reaction with 
N-bromosuccmimtde m acid media and measurement 
of the absorbance of the product at 290-450 nm.4 
Anttpyrme and amidopyrme also give a positive 
reaction, A number of spectrophotometnc methods 
for novalgm and other analgesics have been reported 
based on use of potassmm ferrocyanide,5 sodmm 
nltnte,6 4-dtmethylammobenzaldehyde,’ Bromophe- 
no1 Blue’ and potassium aurtchlonde9 as reagents In 
our studies, novalgm has been found to interact with 
potassmm iodate m presence of hydrochloric acid, to 
produce a yellowish red solutton Thts colour reactton 
has been studied for spectrophotometric determma- 
tion of the drug. 

EXPERIMENTAL 

Apparatus 

A Bausch and Lomb Spectromc-20 was used for ab- 
sorbance measurement 

Reagents 

All chemicals used were of analyttcal grade 
A 0 5% w/v novalgm solutton was prepared m dtsttlled 

ethanol The tablets used were purchased locally A 0 1M 
potassium lodate solution and 1 .OM hydrochloric acid were 
prepared with conductlvlty water 

Procedure 

To an ahquot of novalgm solution (contammg l-10 mg 
of the drug) m a 50-ml standard flask add 1 ml of O.lM 
potassium lodate followed by 1 ml of 1M hydrochlonc acid 
Let the reaction mixture stand for about 5 mm for the 
yellowish red colour to develop, then dilute to the mark with 
water Measure the absorbance at 460 nm against a reagent 
blank 

Procedure for analysrs of formulations 

Stir a known weight of finely ground tablets or capsule 
contents (equivalent to 25 mg of novalgm) with 30 ml of 
distilled ethanol for 10 mm Filter off any residual sohd on 
a Whatman No 42 paper Make up the filtrate to volume 
m a 50-ml standard flask, then apply the procedure above 

RESULTS 

A number of organic compounds were tested and 
tt was found that novalgm gives a characterrsttc 
yellowrsh red colour Many other drugs and a wide 
range of other compounds contanung different 
groups were found to gtve a negative test Those 
tested included the following 

Drugs etc Asptrm, codeme sulphate. oxyphenbuta- 
zone, propyphenazone, phenylbutazone, phenazone 
sahcylate, phenacetin, caffeine, dtazepam rucotme 
and mcotmamtde could be tolerated m amounts up to 
1 mg m determtnatton of 2 mg of novalgm 

Amzno-actds Htsttdme, aspartic acid, glutamtc 
acid, leucme, lysine, glycme, tryptophan, asparagme, 
argmme, L-alamne, fl-alanme and tyrosme. 

Acra!~ Acetic, formic, oxahc, citric, mahc, adtptc, 
proptomc, tartanc and pyruvic 

Sugars Glucose, fructose, rhamnose, sucrose, mal- 
tose, arabmose and xylose 

Aldehydes Acetaldehyde, benzaldehyde, croton- 
aldehyde and amsaldehyde. 

Ketones. Acetone, ethyl methyl ketone, diethyl 
ketone, methyl propyl ketone and cyclopentanone 
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Ammes. Ethyl, methyl, butyl, propyl, dlethyl and 
trtethyl 

Alcohols. Ethanol, methanol, propanol and bu- 
tanoi 

Other compounds Acetamhde and vltamm B com- 
plex. 

Absorptmn spectrum 

The absorption spectrum of the reaction product 1s 
shown m Fig 1 The optimum wavelength is 460 nm 

Optrmum condltrons 

/ / / The absorbance of the product was found to be 
350 440 520 600 

Wavelength (nm) 
constant for up to 30 mm and then shghtly decreased 

With 5 0 mg of novalgm, absorbances of 0 O&0.14, 
Fig 1 Absorption spectrum of reaction product 0.28, 0.31, 0 33, 0 33, 0 33 and 0 33 were obtained 

Table I Dete~lnation of nova&n (analgin) m pharma~utl~l preparations (average and coefficient of variation, 5 
rephcates) 

Found by* Found by 
present comparison Reference 
method, method, for compartson 

Drug and suppher Nommal composttion, mg mg CV% mg method 

1 Baralgan (Hoechst) 

2 Maxigestc (ETHICO) 

3 Spasmizol (IDPL) 

4 Ginox (Averest 
Chem Lab) 

5 Promalgin (Uniloids) 

6 Maxtgon (Unichem) 

7 Algesin-0 (Alembic) 

8 Spasmolysm 
(Std Pharm ) 

9 Pamagm (Alkem) 

10 Ultragin 
(Manner) 

11 Zamalgm-A 
(Rallis) 

12 Largesic 
(Lark Lab ) 

13 Sedyn-A Forte 
(M M Labs) 

14 Neogene (AFD) 

15 Anadex (Concept) 

16 Oxalgm (Cadila) 

500 analgin 
5 p-pipendmoethoxy-0-carbmethoxy 

benzophenone hydrochlortde 
0 1 diphenylpiperidinoethyl acetamide- 

brom-0-methylate 
250 analgin 
100 oxyphenbutazone 
2 5 diazepam 
500 analgin 
2 5 homatropme methyl bromide 
10 phenobarbitone 

500 analgin 
100 ox~henbutazone 
250 analgin 
250 paracetamol 
25 caffeine 

500 analgin 
5 p-piperidtn~thoxy-O-carbme~oxy 

benzophenone hydrochlorrde 
300 analgin 
100 oxyphenbutazone 
500 analgin 

10 dicyclomine hydrochlortde 
500 analgin 

5 diazepam 
250 analgm 
250 paracetamol 

25 caffeine 
250 analgm 

15 caffeine 
5 codeme phosphate 

500 analgm 
100 oxyphenbutazone 
100 magnesium trisilicate 
375 analgin 
2 5 diazepam 
20 diphenhydramine hydr~hlo~de 

200 analgm 
250 paracetamol 

7 5 chlorpromazine hydrochloride 
250 analgin 
65 dextropropoxyphenhydr~~oride 

500 analgm 
100 oxyphenbutazone 

505 03 509 18 

244 06 

504 

510 

264 

498 18 

515 18 

- 

495 499 18 

293 

514 

459 

256 

255 

298 18 

520 18 

- 

257 18 

258 17 

474 

324 

250 

249 

535 

01 

03 

05 

04 

07 

01 

05 

06 

08 

02 

01 

02 

02 

04 

- - 

- - 

253 18 

259 17 

531 17 
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wtth 0 32, 0.34, 0.36, 0.40, 0 48, 0 50, 0.60 and 0.70 towards todate The reaction occurs in acidic media 
ml of 0.1 M potassium iodate. It IS clear from these and the rate depends on the concentratton of todate 
data that 5.0 mg of novalgm needs at least 0.48 ml of Cavazutti et al.” examtned the reacttvity of todtc acid 
0 1M potassium iodate for reaction to be complete. with many classes of compounds of pharmaceuttcal 
However, the use of a larger volume does not affect interest, m order to estabhsh tts potential for detect- 
the absorbance Therefore, 1 ml of O.lM potassium mg and idenhfymg drugs separated by thm-layer 
todate 1s recommended for the determination of chromatography on silica gel layers, since potassium 
novalgm. It was stmtlarly found that 1 ml of 1M iodate had already been used successfully for staining 
hydrochloric acid is the opttmum volume. sympathomimettc ammes I6 On the basis of these 

Conformity wzth Beer’s law 
studies, a tentative reaction mechanism is proposed 
Potassium todate interacts with the drug m presence 

Beer’s law holds good over the range l-10 mg of of hydrochloric acid to liberate todme 

HOsSCH, 

I 

0 CHO 

I 
+ 6KIOo + 6HCL = 2 +2 SOIH + 4HCOOH + N,+ 6KCl 

+ 6 HI0 + 31, 

I novalgrn 

novalgm The molar absorptrvity IS 0 1 x lo4 
1 mole-’ cm-’ The correlation coefficient for cah- 
bratton was 0.99 

Ten replicate determmatrons of 2.0 mg of novalgn 
gave a standard devtatton of 3 pg (relative standard 
deviatton 0.2%) 

The mterference tests are described above. 

Applzcatlons 

The method was used to determine nova&n in 
vartous pharmaceuttcal preparattons. The results are 
shown m Table 1. None of the other ingredients of 
the samples reacts with either todme or iodate 

DISCUSSION 

The methods for the determmation of various 
organic compounds by oxidation with potassium 
iodate have been dtscussed in greater detail else- 
where lo The iodine liberated during the course of 
reaction IS distilled off and determined. The oxidation 
reaction m acidic medium depends on both the 
substrate and the experimental conditions. Reaction 
IS favoured by the presence of hydrogen atoms bound 
to carbon atoms activated by a functional group.“-‘4 
In particular, hydrogen atoms on aromatic nuclei 
wtth electron-donating substttuents are very reactive 

The liberation of iodine IS shown by the productton 
of a blue colour with starch 
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ANNOTATIONS 

ON THE PROTONATION OF SEPHADEX C-25 

SALVADOR ALECRET 

Departamento Qmmlca Analitlca, Facultad de Gennas, Umversldad Autonoma de Barcelona, Bellaterra 
(Barcelona}, E-08 193 Spam 

ERIK HOGFELDT 

Department of Inorgamc Chemistry, The Royal Institute of Technology, S-100 44 Stockholm, Sweden 

(Recetved 3 December 1988 Accepted I4 February 1989) 

Summary-A model for descrlptton of Ion-exchange eqmhbna has been apphed to check data obtamed 
earher for low IOIUC strength 

Recently Hogfeldt et al’ showed that protonation 
data for Sephadex C-25 and C-50 at the ionic 
strengths 0.010 and O.lOOM (Na,H)CIO, could be 
fitted by the Hogfeldt thr~-parameter model In 
the present paper the model ~111 be tned with 
earlier published data2 at ionic strength -0 OOlM 
(Na,H)ClO, at the same temperature (298 2 K) 

Consider the reactron 

H+ f NaReHR + Nat 

(R- = ion-exchanging group) (1) 

The eqmhbrmm quotient, K, of reactlon (1) IS defined 

by 

where the parameters log K(N~) and log K(H) are the 
hmltmg values of log K for a = 1 and tl = 0, and i? IS 
an empirical constant 

The third parameter, log K,, 1s then obtained from 

log K, = i[log K(Na) + log rc(H) + B] (6) 

In this way the followmg expression for log K was 
obtained 

log K = 2 3(07)a + 1 8(27)(1 - 01) 

+ 3 4(30),X(1 - c() (7) 

giving 

D-WN+l Cl- a)[Na+l 
K = [NaR][H+] = a[H+] (2) 

where 

CI = [NaR]~(~aR] + [HR]) (3) 

It IS assumed that actlvlty coefficients in the aqueous 
phase are kept constant by the ionic medium and can 
be included in K. 

From equation (2), 

+pH+logCNa+] (4) 

With knowledge of CI, pH and log[Na+], log K can be 
calculated for each expenmental pomt by use of 
equation (4) The log K = f(a) data can then be fitted 
by least-squares methods to a second-degree poly- 
nomial 

According to the modeI,3 5 

logh- =logK(Na)cr +logrc(H)(l -a)+&(1 -ct) 

(5) 

log K,,, = 3 7(82). 

I I # I I 
0 4 

a 

Fig 1 Plot of log K us u for reactlon (I) 

(8) 
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Table 1 Comparison of experimental and calculated pH-values Data from Mannsky and 
Alegret 2 T = 298 2 K, I _ 0 OOIM 

log K pH pH 
G( loalNa+l talc talc exp Some statlstlcal auantitles __ _ 

0 038 -2 986 1971 3 554 3483 Residual sauares sum 4 462 x lo-* 
0 076 -3 000 2 104 4 019 4 026 Mean res&al 0 0482 
0 107 -2 845 2206 4 130 4 236 Residual mean -1 333 x 10-j 
0 161 -2 962 2 368 4613 4581 Standard devlatlon 0 0704 
0 178 -2 880 2414 4 630 4 639 Percentage devlatlon 1 350 
0 256 -2 926 2603 5 066 5 025 Hamllton R-factor 1 161% 
0 318 -3000 2 724 5 393 5 511 
0 376 -3 030 2 812 5 622 5 535 
0 489 -3 087 2 919 5 987 5 937 
0 568 -3 147 2941 6 207 6 242 
0 636 -3 160 2 926 6 328 6 334 
0 693 -3 225 2 889 6 486 6 470 

In Rg 1 log K IS plotted against a, for the earlier fair fit also for the low lontc strength of about 
data’ for lomc strength -0OOlM The curve was O.OOlM 
computed from equation (7) The pomts m paren- 
theses were excluded from calculation 

In Table 1 the expenmental and calculated pH- 
values are compared The standard deviation, s(pH) 1 
IS somewhat high, but may be accepted m view of the 
difficulty of obtaining good data at the low tonic 

2 

strength used. 
3 

4 
It can thus be concluded that for the more ngtd 

Sephadex C-25 the three-parameter model gives a 5 
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ON THE PRECISION OF THE METHOD OF TITRATION 
TO A PRESET pH VALUE 
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30-060 Krakbw, Poland 

(Recetoed I1 Aprd 1988 Rewed 4 ~~u~r~ 1989 Accepted 16 January 1989) 

Summary-A graphrcal presentation IS made of the mfluence of drfferent factors on the preemon of 
equrvalence pomt determmatron by the method of trtratron of weak monoprottc acrds to a preset pH value 

One of the methods for evaluatron of the eqmvalence 
volume (V,) m potentrometnc (pH) tttratton of a 
weak monobasrc acid HL with a strong base MOH 
IS the tttratron to a preset pH-value I2 Accordmg to 
thts method, V, can be found from a single experr- 
mental pomt (V, pH) If all the parameters of the 
corresponding regression equation are known 
The method has been apphed to determmatton of 
ace& acrd (log K’ = 4 65), hydroxylammonmm tons, 
NHJOH+ (log K’= 6 2), bone aad (log K’= 9.1) 
and hydrogen ascorbate tons, C,H,O; (log K’= 
Ii 3), where K’ 1s defined as the hybnd (rmxed) 
constant 

K’ - m-1 
h[Ll 

and h 1s the hydrogen-ton actrvrty. Good accuracy 
was claimed m all four Instances Thus accuracy 
depends, however, on proper chotce of the values of 
the parameters related to thts system, I e , K, Kw 
and the hydrogen-ton acttvity coefficient f= h/[H]. 
Exammation of the mfluence of these parameters on 
the precision of the calculated Vcq, expressed as the 
standard devtatron s, IS the atm of the present paper. 

The equatron for ealculatmg V, from the pH 
resultmg from addrtron of Vml of CM MOH to V0 ml 
of C,M HL can be wntten as 

VW = B( v + AD) (2) 

where 

A =h/f- Kwf/h (3) 

3 = Khjf + 1 (4) 

D = (Vo + V)/C (5) 

[HLI = K[HI[Ll (6) 

Kw = [HI PHI (7) 

The vartance of VW, calculated according to the 
law of propagation of errors, is 

s2 = i sf (f-0 

where 

s: = (2 303 KS,% Ka veg @K)2 (9) 

s: = (2 303 ~,~,,a~,,~a~,)2 (10) 
s: = (2 303 hsPHiW’,/8h)2 (11) 

s : = (+ a vN, Ia!lf2 WI 
s: = (+av,/avy (13) 

s; = (~,%#vfJ)* (14) 

s: = fscavwjacy (1% 
and pH = -log h, pKW = -log KW The parttal 
denvattons m the expressrons for sf, equations 
(9)-( 15), are: 

av 
$ = h(V + AD),fj- 

av,, 
aK,= -BDf’h 

(16) 

(17) 

av 
2 = K(V + AD)lf + BD(l/f + K,,, f/h21 ah (18) 

av,_ 
af 

- -(V + AD)Kh,‘f’- BD(h/f2 + KJh) (19) 

a VW. av =B(l+ A/C) (20) 

(21) 

ave, 
ac - - ABD/C (22) 

Let sV be the standard deviations (i = 1-7, 
j = log K) calculated from equations (9)-(S) for 
given pH and K values Figure 1 shows the depen- 
dence of log sg on pH, for C, = 0.01 M, C = 0.1 M, 
Vo= 100 ml, f = 1, K,=3.E-14, sc=O.OOOlM, 
s,,=OOl ml, s,=OOO2 ml, sI= 0.01, sPu =0.002, 
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PH 

-1 - 

2 
0” -3 - 

-5 (e) 
I I I I 
3 5 7 9 

I 
PH 

3 5 7 9 

PH 

s 
0” 

3 5 7 9 

c PH 

-1 

3 5 7 9 

PH 

Rg 1 Plots of log s!, vs. pH calculated for different K values, K = 10’; the numbers by the curves denote 
the J values, values of parameters are specified m tbe text 

s~Kw =O.l, &rK’ 0 01. For values s: of these stan- 
dard devtations different from those (sJ just listed, 
~111 be shifted vertically by a distance log(s:/s,), 
where x = log K, pK,, pH, A V, V,, C. Examples 
of log s vs. pH relattonships [equation (8)] are plotted 
m Figs 2 and 3 

Examination of the curves thus obtamed leads to 
the followmg conclustons 

1. The relations log s,,,+ 1 2 log sU are fulfilled, r.e., 
s,, Increases wrth increase m K. 

2 Some curves m Ftg I overlap In defined pH 

mtervals, r.e., sV IS mdependent of the strength of the 
actds constdered, e g for pH > 8 5, log s6, us pH ts 
practtcally tdenttcal for acids with log K c 7 

3 In Fig 2 tt is seen that at pH greater than that 
corresponding to the mmrmum value of log s, the 
curves for all log K values <9 overlap over certam 
pH ranges. 

4 Companson of equations (18) and (19) shows 
that 

av eq = ave, 
8 lnh a lnf (23) 
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Then from equations (I I), (12) and (23) we obtain 
ss/s4 = 2.303 fs,,,/s,, I.e., the value of s,/s., IS indepen- 
dent of pH and thus the plots of log s4, vs. pH can be 
obtained by parallel shafts of the plots m Ftg lc. 

5 The minima on the curves of log s vs. pH 
comcrde wtth the correspondmg eqmvalence pomts 
and thus the pH value chosen for the determmatton 
should be close to that for the eqmvalence pomt, 
espectally m the case of very weak acids (see Fig 3) 
The pH values m initial stages of a given titration 
and m the region after the equtvalence pomt are 
parttcularly madvtsable for use 

6 For acrds wrth log K < 4 the minimal s value IS 
approxtmately equal to sy r.e , the vartance s2 of VFq 

IS mamly determmed by the prectsron of measurement 
of V (compare Ftgs le and 2, log 0 002 = -2.7) 

7 The reqmrements concernmg precise K and K, 

values (I e , low slogK and spKW values) are especially 
stgmficant m tttratton of very weak acrds (see Rg 3) 

8 The value of s found for log K =j and slogK = 0 1 
IS close to that obtained for log K = J + 1 and 
slogK = 0.01 on the descendmg parts of the curves 
presented in Fig 2, for J = l-7 
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Summary-Many non-linear regression programs which optimize the stability constants of chemical 
equilibria make use of Jacobian matrices for both the simulation of spectation by Newton-Raphson 
iteration and the optimization of parameters by Gauss-Newton iteration An extended mathematical 
treatment IS described here which shows that the full Jacobian matnx IS partitioned mto quadrants and 
that only one of these quadrants has been described in previous studies This more complete treatment 
also corrects an error m the sign of the equation gven m earher work for the partial derivatives 
a log h/a log /3 (or 8 px/a log 8) 

The optimum equthbnum constants of multi- 
component systems are frequently obtained by the 
method of non-lmear least squares. The method 
employs the partial derivatives of the non-linear 
function with respect to each of the parameters to be 
optimized The computation IS more efficient if 
these partial derivatives are found from analytical 
equations rather than by numerical methods ’ 
The generation of analytical partial derivatives m 
calculation of multicomponent chemical equilibria 
has been described by Avdeef and Raymond, 
however, it has been noticed that then equation 
(21) gives a posmve value for 8 log h/8 log /I when 
clearly a negative value is required. This error 
was also made by one of us (P.D T.) m a recent 
pubhcatton.’ The explanation for this change of 
sign is not trivial and has prompted a more rigorous 
study of the system. In this commumcatton we 
report a more complete account of the problem, 
which rectifies the error The followmg terms are 
used 

p(J) 

s(J) 

e(q,/) 

M,, L,, H, 

C,(q) 

m, 1, h 

c(q) 

Cumulative formation constant for the 
Jth associated species. 
Concentration of the jth associated 
species. 
Stotchtometric coefficient of the qth 
component m the jth associated species. 
Total analytical concentrations of metal 
ion, hgand and hydrogen ion respec- 
tively. 
Total analytical concentration of the qth 
component 
Free metal ton, hgand and hydrogen ion 
concentrations respectively. 
Concentration of the qth component. 

NC Total number of components 
NS Total number of associated species 

K, Iomzatton constant of water [H+ ] [OH-]. 

To avoid ambiguity, the indices p, q and r are used 
only for components, and i, j and k are reserved for 
associated species 

The conservation equations of a three-component 
system involving protons are given below. 

M, = m + f ehJ)S(J) 
1-l 

L, = 1+ c eu,JP(j) 

where 
H, = h + ~eW)S(J) -f&/h 

S(J) = B(J) fli c(qPn 
q-1 

When these equations are differentiated with re- 
spect to log m, log 1 and log h, a symmetrical 3 x 3 
Jacobian matrix 1s obtained, as described by Avdeef 
and Raymond * However, tt has not prevtously been 
recognized that the 3 x 3 Jacobian matrix 1s not a 
complete description of the system required to opti- 
mize the /I values. The speciation calculations are 
carried out at constant /I and the use of the 3 x 3 
Jacobian matrix 1s valid up to this point, but to 
optimize the /I values the Jacobian matnx ought to be 
extended m recognition of the fact that the j values 
are vanables in the conservation equations, Just as m, 
I and h are The extended matnx includes partial 
denvanves of M,, L, and H, with respect to log j?(j), 
and has dtmensions NC x (NC + NS) As an exam- 
ple we show m (1) the Jacobian matrix for a simple 
three-component system 
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B(I) 

L+H ----‘LH 

M+L8o‘ML 

ahf, akf, ahf, : ah4, aw - - 
a log m a i0g 1 a i a log p(1) a log p(2) 

1 
aL, aL, aL, . aL,, ah - - 

a iOgm a i0g i a i0gh : a i0gp(i) a i0g ~(2) 

I 

= (J i) (1) 

aH, aH, aH, . aH, aH, - - -. 
a iOgm a iogl aiogh aiogp(i) a iogp(2) 

J IS the orlgmal3 x 3 matnx2 3 (noting that m these derlvatlves all /I(J) values must exphcltly be held constant) 
and the (NC x AS’) submatnx j contams the parka1 denvatlves [X,(q)/a log /?(J)]~,,, B(k +,) 

This type of matnx has no Inverse, but It may be put mto a square non-singular form by adding extra rows 
to represent, formally, the zero derlvatlves 

and 
[a logB(J)/a logc(q)],(,,,,,B(k) 

which are zero unless J = k, m which case they are unity The resulting matrix, which 1s (NC + NS) square 
and non-singular (its determinant 1s equal to that of J) IS shown m (2) 

aJ4 aM aM aM aM - - 
a logm a logi a i0g h a i0g p(i) a i0g p(2) 

84 a4 ah a a4 - - 
a logm a i0gi a i0g h a i0g p(i) a i0g p(2) 

aHI aK a4 84 84 - - 
a logm a log I a i0g h a i0g p(i) a i0g j(2) 

-----__--------------- --------------- 
a log b(1) a log b(1) a log B(1) a log m) a lo.3 m) 

a logm a i0gl a logh a log ~(1) a log ~(2) 

I a log P(2) a log p(2) a log ~(2) . a i0g ~(2) a log ~(2) 

a logm a logI a logh a log B(l) a log p(2) 

(2) 

or m partitioned form 

J i 
[ 1 0’ i 

This type of matnx 1s readily inverted by using the normal rules for inversion of a partltloned matnx4 to yield 
the inverse shown m (3), with partltlomng slmllar to the parent matrix 

a logm a logm a logm * alogm 8 logm 
- - _ 

aM, 84 a4 a log p(l) a log b(2) 

a log/ a i0g I ai0gi + ai0gl a iogf 
aw aL, -aH, : a log m a log m 

a logh a logh a logh a logh a logh 
- - _ 

aJw aL, a& a log m a log 8~2) 
-----------____-_----- --------------_ 
a log m a log B(1) a log m I a log m a log m 

aw 84 a& . a h3m a h3m 

a iogp(2) a iogp(2) a iogp(2) : a iogp(2) a iogp(2) 
aw a4 afft : a i0gjqi) a iogp(2) 

or m partitioned form 

rg -J;’ j] 

(3) 
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The elements of J-’ are of course the denvatives 

[a log c(PYWqllc,,r ,,, #(I) 
described prevtously2,3 (notmg agam that all /I values 
must exphcttly be held constant) whereas the addt- 
ttonal submatrtx -J-l j provides the dertvattves 

18 log c(q)@ log B(J)IC,(,, f?(k 74,) 
On multtplymg out (for example) the element of 

-J-‘-j mvolvmg log h and log /3(l) [equation (4)] we 
obtain equations (5) and (6) 

t-J-’ jh, =[a @h/a log8U)1c,~,~,po+I~ (4) 

or more concisely 

NC a logh 
C-J-’ iA,= -qT, m 

[ 1 f C,(r z4 B(J) 

This provides us with the analytical partial denva- 
ttves required for the use of non-linear regression for 
opttmizatton of log /I(J) values This equation 1s 
similar to Avdeef and Raymond’s equation (21)2 and 
equation (9) m the paper by Taylor et al ,9 with the 
important difference of a sign change In both of 
these earlier papers the possrbthty of treating the 
log p(l) values as variables was not fully utthzed and 
there 1s a consequent mcompleteness m defining the 
partial derivatives Computattons using the sign 
change rigorously Justified above give values of 
a log h/a log /I(J) which are negative m accord with 
intuitive reasoning 

It is worth pomtmg out m this context that a partial 
denvattve, e.g., [a log h/a log b(l)], requzres an ac- 
companying statement about the variables of the 
system The system exemplified here must have five 
independent variables mcludmg /I(l) (this bemg the 
number of degrees of freedom of the system); the 
other four are chosen from the set M,, L,, H,, m, I, 
j (2) The set chosen above 1s M, , L, , H, , /I(2) m order 
to be consistent with the choice made tmphcitly m 
earlier work 2*3 Other choices would produce quite 
different dertvattves, with different expresstons to 
calculate them from the elements of J and j However, 
none of these. corresponds to the equations presented 
prevtously,2*3 for these to be valid, the dependence of 
M,, L,, H, on m, I, h would have to be independent 
of the /I values bemg refined 

Finally, equations (13)-(16) m the earlier pubh- 
cation by Taylor et al.’ are given m corrected form 
below 

emf=E,+E,+Slogh (13) 

At constant spectation 

log /I(/) = constant - e(h,/)(emf - E,, - E,)/S (14) 

dlogB(I)ldE,=e(h,J)lS (15) 

From equation (13) 
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COMPOSITION OF CARPROFEN BY PROTON NUCLEAR 
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Summary-The enantiomeric composition of carprofen has been determined in a rapid and reliable 
manner by proton nuclear magnetic resonance spectroscopy with a chiral lanthanide-shift chelate. 
Carprofen was converted into a mixture of enantiomeric methyl ester derivatives which were then 
complexed with tris [3-(heptafluoropropylhydroxymethylene)-( +)-camphorato]europiu(IlI) in CDCl, . 
The concentration of substrate in the test sample was 0.15M and the chiral-shift reagent:substrate molar 
ratio was 0.453. Determination of the enantiomers was based on the relative intensities of the signals for 
the a-methyl protons. The mean recovery *SD for six determinations of S(+)-carprofen from synthetic 
enantiomeric mixtures was 99.3 f 1.7%. 

Carprofen, 6-chloro-a-methylcarbazole-2-acetic acid, 
is an anti-inflammatory agent possessing a chiral 
centre at the cl-carbon atom. Interest in the enantio- 
merit composition of carprofen is related to the 
pharmacological activity of the two possible enan- 
tiomers. The R(-)-enantiomer has less than one- 
tenth the activity of the S(+)-enantiomer.’ 

A well-established compendia1 method for the de- 
termination of the optical purity of chiral drugs is the 
measurement of optical rotation of the enantiomer, 
enantiomeric mixture, or racemic mixture in sol- 
ution.2 However, optical rotations may not conform 
to actual enantiomeric compositions,3 particularly 
when the sample contains traces of impurities which 
may or may not be optically active. Disadvantages of 
polarimetry for measuring optical purities include (a) 
the need to know with certainty the absolute rotation 
of the pure enantiomer, (b) the relatively large sample 
required, (c) the need for the molecule to exhibit a 
medium to high optical rotatory power to permit the 
accurate determination of small differences in enan- 
tiomeric excess, (d) the need to isolate the chiral drug 
in pure form and without accidental enantiomeric 
enrichment, and (e) the dependence of the accuracy 
of the determination on such factors as temperature, 
solvent, and the presence of impurities. Other meth- 
ods which have been used for the determination of 
enantiomeric composition, such as isotopic dilution, 
kinetic resolution, enzymatic assay, and microcalori- 
metric techniques are considered to be experimentally 
cumbersome.4 

The S( +)- and R( -)-enantiomers of 14C-carprofen 
have been measured by differential radiometry after 
separation of their diastereomeric ~-(-)-a-methyl- 
benzamide derivatives by thin-layer chromatogra- 
phy.’ Additionally, the enantiomers of carprofen and 
related 2-arylpropionic acids have been determined 
by liquid chromatographic method&’ but, as with the 
thin-layer chromatographic approach, a lengthy 
derivatization step is required which may lead to 
racemization as well as to kinetic resolution due to 
energetically different diastereomeric states. More- 
over, for determination by these chromatographic 
methods, samples of the pure enantiomers are needed 
for use as reference standards. The NMR spectro- 
scopic method described in this paper permits the 
direct and specific determination of the enantiomers 
of carprofen after their interaction with a chiral 
lanthanide-shift reagent to form diastereomeric com- 
plexes that exhibit non-equivalent chemical shifts.S In 
addition to circumventing the problems encountered 
with derivatization methods the proposed method 
does not require reference standards. 

EXPERIMENTAL 

Apparatus 

All proton NMR spectra were obtained with a 90-MHz 
Varian EM-390 spedrometer, operating at a probe tempcra- 
ture of 35 f 1”. 

Materials and reagents 

The samples of R( -)-, S(+)-, and (f )-earprofen were 
generously donated by Hoffmann-La Roche. Tetramethyl- 
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silane (TMS), successively washed with concentrated sul- 
phuric acid and saturated potassium bicarbonate solution, 
was distilled and stored over type 4A molecular sieves 
(Aldrich). Deuterochloroform was distilled before use, and 
stored over type 4A molecular sieves. Tris[3-(heptafluoro- 
propylhydroxymethylene)-( + )-camphorato]europium(III), 
Eu(hfc), , and tris[3-(heptatluoropropylhydroxymethylene)- 
(+)-camphorate] praseodymimn(III), Pr(hfc), , were stored 
over phosphorus pentoxide under vacuum or a dry nitrogen 
atmosphere. All experiments with lanthanide complexes 
were conducted under conditions that would minimize 
contamination by moisture of air, i.e., in a glove box and 
an atmosphere of dry nitrogen. 

where A (+) = peak area (or peak height) of the resonance 
signal for the S(+)-enantiomer, and A,_, = peak area (or 
peak height) of the resonance signal for the R(-)-enan- 
tiomer. The composition was calculated from the equations 

100 A,+, 0,0 S(+)-enantiomer = A~+) + A,_, 

R( -)-enantiomer = 100 A,-) 0,0 

-‘I(+) + A,-, 

RESULTS AND DJSCUSSION 

Preparation of samples Derivatization 

Synthetic mixtures of S(+)- and R( -)-carprofen, pre- 
pared by accurately weighing the quantities of each enan- 
tiomer listed in Table 3 were converted into the methyl ester 
derivatives by either of two methods. In the first method, the 
sample mixture was placed in a 100~ml round-bottomed 
flask fitted with a condenser, dissolved in a mixture of 
methanol (40 ml) and concentrated hydrochloric acid (2 ml), 
and refluxed for 1 hr. The reaction mixture was evaporated 
to a small volume, and then extracted with three IS-ml 
portions of diethyl ether. The combined ethereal extracts 
were evaporated to dryness under a stream of dry nitrogen, 
and the residue was dried at 50’ in a vacuum oven. In the 
second method, the sample mixture was placed in a glass 
vial, mixed with 3 ml of freshly prepared 0.25M diazo- 
methane solution in diethyl ether, and the mixture was 
allowed to stand at room temperature for 5 min. The 
solution was evaporated to dryness under a stream of dry 
nitrogen, and the residue was dried at 50” in a vacuum oven. 
Solutions for NMR determinations were prepared by dis- 
solving the residue in the appropriate volume of CDCl, 
containing 1% (v/v) TMS. When not used immediately, 
these solutions were stored in glass vials, crimp-sealed with 
a rubber septum and aluminium seal. In this case, samples 
were withdrawn through the septum with a liquid-tight, 
fixed-needle, microlitre syringe. 

The extent of the chemical shift induced by a 
lanthanide-shift reagent is strongly influenced by the 
complexation constant. Since lanthanide-shift 
reagents are Lewis acids, the binding constant of the 
adduct is a function of the basicity of the substrate. 
Carprofen does not contain a functional group 
capable of strong binding to a chiral lanthanide-shift 
reagent. Consequently, carprofen is not directly 
amenable to analysis for optical purity with a chiral 
shift reagent unless one of its functional groups is 
chemically altered so as to create a binding centre. 
One way to accomplish this is to form the methyl 
ester. The binding ability of the ester group is found 
to be far superior to that of the other oxygen-contain- 
ing functional group in the carprofen molecule. 
Moreover, the ester derivative is more soluble than 
the parent compound in CDC&. 

NMR lanthanide-induced shift studies 

Esterification of carprofen with diazomethane or 
methanolic hydrochloric acid is rapid and quantita- 
tive. The product, obtained by simple work-up of the 
reaction mixture does not require further purifi- 
cation. 

The required changes in lanthanide-shift chelate: sub- 
strate molar ratios were obtained by transferring the shift 
reagent to a dry NMR tube and then adding the appropriate 
amount of substrate stock solution (the exact amount 
having been determined gravimetrically). The NMR tube 
was capped immediately, its contents were mixed by inver- 
sion, and it was allowed to stand for 10 min before the 
proton NMR spectrum was obtained, To the same tube, a 
second aliquot of the substrate stock solution was added, 
and the spectrum was again recorded. The additions 
and spectral recordings were repeated until an appropriate 
number of spectra were available. 

NA4R spectra 

Figure 1 shows the proton NMR spectrum of 
carprofen methyl ester in CDCl, solution. The 
doublet centred at 1.59 ppm represents the resonance 
of the a-methyl protons, the singlet at 3.70 ppm is due 
to the protons of the ester methyl group, the quartet 
centred at 3.90 ppm originates from the a-methine 
proton, and the multiplets in the 8.2G7.10 ppm 
region correspond to the protons of the carbazole 
moiety. 

Optical purity &termination 
An accurately weighed quantity of carprofen (-20 mg) 

was converted into the methyl ester derivative as described 
for preparation of samples. The dry residue was dissolved 
in 0.5 ml of CDCl, containing 1% v/v TMS, and the 
solution was transferred to a dry NMR tube containing 
-40.6 mg of Eu(hfc), . The tube was capped, inverted 
several times to effect solution, and allowed to stand for 10 
min. After the NMR spectrum had been recorded, the signal 
in the region of interest (3.c2.0 ppm) was integrated at least 
five times and averaged. From the average relative intensi- 
ties (Peak heights or peak areas) of the signals for the 
a-methyl protons of the S(+)-enantiomer (2.64 and 2.58 
ppm) and R( -)-enantiomer (2.62 and 2.56 ppm), the enan- 
tiomeric purity (EP) was obtained by means of the equation 

NMR lanthanide-induced shift studies 

EP= A(+) - 4, 
A(+) + 4-j 

Table 1 lists the Eu(hfc),-induced chemical shifts 
(A6) for the a-methyl, ester methyl, and a-methine 
proton signals of O.lSM (+)-carprofen methyl ester 
solution in CDC&, at various molar ratios of shift- 
reagent to substrate. The Ahs values used were the 
averages (mid-points) of the enantiomeric resonance 
shifts. These data demonstrate the susceptibility 
of the groups in close proximity to both the co- 
ordination site and the chiral centre to the influence 
of the chiral shift reagent. The largest A6 corre- 
sponded to the signal of the a-methine proton, 
whereas the smallest AS corresponded to the signal 
for the methyl protons. The magnitudes of the lan- 
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Fig. 1. Proton NMR spectrum of a mixture of S( + )- and R( -)-carprofen methyl esters (0. ISM in CDCI,). 

thanide-induced shifts were sensitive to both the 
distance and the orientation of the resonating nucleus 
with respect to the paramagnetic centre. 

The effects, on the A6 values, of varying the 
shift-reagent: substrate molar ratios are evident from 
the series of spectra shown in Fig. 2. It is obvious that 
the type and size of the populations of carprofen 
methyl ester in co-ordination with Eu(hfc)s will 
depend on the molar ratio present. Therefore, the A6 
values for some resonance will change as the popu- 
lation of the complexes changes. The magnitudes of 
the AS values together with the enantiomeric AAS 
values are dependent on the ratio of the shift reagent 
to substrate (Table 2). By monitoring the spectral 
changes that accompany the increments in shift 
reagent concentration, it was observed that the a- 
methyl protons were the first to show enantiomeric 
non-equivalence, followed by the a-methine protons 
and the methyl ester protons. Thus, AA6 varied 

Table 1. Induced chemical shifts (6, ppm) for protons of 
(f)-csrprofen as a functitir$e;$ar ratio of Eu(hfc), to 

I I 
-CXH, 

I 
XO,CH, H-CXO, 

Molar I 
ratio 6 A6 S AS 6 A6 

0.000 1.59 0.00 3.70 0.00 3.90 0.00 
0.453 2.68 1.01 4.93 1.23 5.55 1.65 
0.507 3.03 1.44 5.47 1.77 6.26 2.36 
0.538 3.08 1.49 5.53 1.83 6.36 2.46 
0.574 3.27 1.68 5.73 2.03 6.63 2.73 
0.615 3.37 1.78 5.85 2.15 6.80 2.90 
0.662 3.49 1.90 6.02 2.32 7.00 3.10 
0.718 3.57 1.98 6.10 2.40 7.15 3.25 
0.783 3.80 2.21 6.38 2.68 7.33 3.43 
0.861 4.28 2.69 6.98 3.25 8.26 4.36 

*Total carprofen concentration 0.15M in CDCl, . 

independently of A& The resonance signals for the 
enantiomeric a-methyl protons were found to be the 
most suitable for optical purity determinations as 
they did not overlap with other signals, such as those 
arising from the carbazole protons. 

Selection of optimum conditions 

Optimum resolution of the enantiomeric a-methyl 
doublets, without any significant peak broadening, 
was achieved with a 0.453 molar ratio of Eu(hfc), to 
substrate and a substrate concentration of 0.15M. 
Broadening of the signals of interest occurred at 

Table 2. Chemical shifts (a, ppm) for the a-methyl protons 
of S( +)- and R( -)- carprofen methyl esters after complex- 

ation with various molar ratios of Eu(hfc), to ester* 

Molar S( + )-Enantiomer R( -)-Enantiomer 

ratio d AS 6 A8 AW 

0.000 1.63 1.55 OJXJ 1.63 1*55 0.00 0.00 

0.861 4.38 4.28 4.30 3.75 4.20 3.65 0.10 

0.783 3.87 3.79 3.79 2.24 3.71 2.16 0.08 

0.718 i.2 2.ol’ 3.56 3.48 1.93 0.08. 

0.662 3:56 3.48 1.93, 3.48 1.85 0.08 

0.615 ;*g 1.81 1.73 0.08 

0.574 3:33 

:z 3128 

3.26 3.25 1.70 3.18 1.63 0.07 

0.538 3.16 3.10 3.08 1.53 3.02 1.47 0.06 

0.507 3.10 3.02 1.47 ;*g 1.41 0.06 

0.453 2.66 2.58 1.03 2’54 2’62 0.99 0.04 

*Total concentration of ester 0.15M in CDCl,. 
tAAa,= Aa,,, - AafR,. 
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Fig. 2. Proton NMR spectra of a mixture of S(+)- and 
R( -)-carprofen methyl esters, 0.15M in CDCl, , at various 

Eu(hfc),: carprofen molar ratios. 

Table 3. Analysis of synthetic mixtures of S(+)- and 
R(-)-carprofen by proton NMR spectroscopy with 

Eu(hfc), as chiral shift reagent* 

S( +)-Form, R( -)-Form, 
S( +)-Form, % 

mg mg Present Found Recovery7 

2.2 80.0 2.1 2.6 91 
10.7 71.4 13.0 13.2 101 
21.1 54.4 33.7 33.1 98.2 
35.8 46.3 43.6 43.5 99.4 
40.5 42.6 49.3 49.0 99.4 
41.0 41.1 49.8 50.0 100.1 

*Total carprofen concentration 0.15M in CDCl,; Eu(hfc),: 
carprofen molar ratio 0.453. Resonances of the a-methyl 
protons at 2.64-2.40 ppm were used in the analysis. 

tMean 99.3; standard deviation 1.7. 

higher substrate concentrations, possibly because the 
amount of lanthanide-shift reagent became limiting. 

Table 1 gives A6 and AA6 values for the enan- 
tiomeric a-methyl signals of ( f )-carprofen for vari- 
ous molar ratios of Eu(hfc),: to substrate. Under the 
experimental conditions that provide the required 
resolution of the enantiomeric signals, the doublets 
for the a-methyl protons of S( +)- and R( -)-carpro- 
fen methyl ester were shifted downfield from their 
original position of N 1.59 ppm (unresolved signals) 
to 2.66 and 2.58 ppm [for S(+)] and 2.62 and 2.54 
ppm [for R(-)I. The signal components of each 
doublet are thus “interleaved” and equidistant. The 
addition of shift reagent initially caused overlap of 
the middle peaks, as the doublets crossed each other, 
as well as some peak broadening. In general, serious 
line broadening did not occur even at a molar ratio 
of shift reagent to substrate of 0.686. 

Exploitation of Pr(hfcX as a chiral shift reagent for 
the determination of the optical purity of carprofen 
methyl esters was hampered by line-broadening and 
overlap of the signals of interest with signals strongly 
shifted upfield. Although both Eu(hfc), and Pr(hfc), 
shifted the protons of the side-chain by the same 
order of magnitude, i.e., a-methine > ester methyl > 

b 

I I I I I I I I I I I 
10 9 6 7 6 5 4 3 2 1 0 

ppm (8) 

Fig. 3. Proton NMR spectrum of a mixture of S(+)- and R(-)-carprofen methyl esters, 0.15M in CDCla, 
complexed with 0.453 molar ratio of Eu(hfc),. 
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180Hr sweep width 

I I I I I 

4 3 2 1 0 

Fig. 4. Portion of the proton NMR spectrum of a mixture 
of S(+)- and R(-)carprofen methyl esters, 0.15M in 
CDCI, , complexed with 0.453 molar ratio of Eu(hfc), . The 
inset shows the resonances of the enantiomeric u-methyl 
protons on an expanded abscissa scale, 180 Hz sweep width, 
as used in determinations based on peak area measurements. 

a-methyl, only Eu(hfc), shifted the signal of interest 
(a-methyl) away from other signals. Unambiguous 
assignment of the enantiomeric resonance signals 
was possible by examining the changes in peak 

intensities in the NMR spectrum of a sample of 
(f)-carprofen that had been enriched in one of the 
enantiomers. 

Quantitative analysis 

Six mixtures of S( +)- and R( -)-carprofen, made 
up in the proportions shown in Table 3, were con- 
verted into the corresponding methyl esters, mixed 
with specific amounts of Eu(hfc),, and dissolved in 
CDCl, containing 1% TMS, to yield solutions with 
0.15M substrate concentration and a Eu(hfc), : sub- 
strate molar ratio of 0.453. Enantiomeric composi- 
tions were calculated from the intensities of the 
resonances for the a-methyl protons, measured as 
either peak areas or peak heights (Fig. 3). Although 
both approaches yielded the same results, the accu- 
racy obtained by use of peak areas was improved by 
using an expansion of the spectrum such as that 
shown in Fig. 4. The assay values agreed very well 
with the known weights of each enantiomer in 
the mixtures. Average recovery f SD for the S( +)- 
enantiomer was 99.3 f 1.7%. 
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Stmrmary-Single-column ion-chromatography (SCIC) was investigated as a routine, rapid, precise and 
selective analytical method for the determination of chrornium(V1) in aqueous extracts of soil and sewage 
sludge. Chromatographic parameters were optimized for determination of Cr(VI), NO, and S@-. A 
low-capacity resin-based column was used for the separation and the anions were determined by 
conductometric detection. p-Hydroxybenzoic acid (5mM) at pH 8.5 was used as the eluent. The limit of 
detection, defined as S/N = 3, was 92 pgll. The resolution between Cr(V1) and S@- was 2.8, the precision 
ranged from 0.9% for NO; to 2.0% for Cr(V1) with a 500-pl injection. The SCIC results for Cr(VI) agreed 
closely with those obtained by inductively coupled argon-plasma emission and spectrophotometry. 

The terrestrial abundance of chromium in igneous 
and sedimentary rocks typically ranges from 5 to 120 
pg/g.’ Chromium(III), which is essential in human 
nutrition, is less toxic and also less mobile in the soil 
environment than chromium(VI).2 Chromium finds 
its way into soils through industrial wastes such as 
electroplating sludge, tannery wastes, manufacture of 
corrosion inhibitors, and municipal sewage sludges. 
The World Health Organization (WHO) has set a 50 
pg/l. standard for chromium in drinking water.3 Ana- 
lytical methods currently used for the trace determi- 
nation of Cr in environmental samples include visual 
spectrophotometry,’ atomic-absorption spectrometry 
(AAS),5*6 inductively coupled plasma emission (ICP),’ 
polarography,* and suppressed ion-chromatography 
(SIC).9*10 Many of these methods involve organic 
extraction, and/or reduction and are subject to inter- 
ferences by other ions. lo Furthermore, AAS and ICP 
are not selective for speciation of chromium. 

Ion-chromatography (IC) is an invaluable tech- 
nique that is becoming very popular for determina- 
tion of anions in aqueous matrices. Its versatility 
stems from the wide choice of eluent composition, 
pH, flow-rate and method of detection, and IC can be 
very sensitive and selective. Suppressed ionchro- 
matography (SIC) has been used for the detection of 
Cr(VI)9*‘o but the chromatographic peaks obtained 
were very broad, which made accurate quantification 
difficult. 

The objective of this study was to develop a novel 
single-column ion-chromatographic (SCIC) method 
for the on-line determination of Cr(V1) together with 
other important ions such as nitrate and sulphate 
which are inherently present in soil and sewage sludge 

*Author for correspondence. 

samples. This study provides a routine analytical 
method for the determination of trace levels of Cr(V1) 
with good accuracy and precision. 

EXPERIMENTAL. 

Single-column ion-chromatography apparatur‘ 

A schematic representation of the SCIC system was 
shown in a previous paper.” The HPLC analysis was 
performed on a Beckman HPLC Model 332 liquid chro- 
matograph, equipped with a Model 1lOA pump and a 
Model 210 sample injector. Conductometric detection was 
carried out with a Wescan (San Jose, CA) Model 213 
detector. A Hewlett-Packard Model 3390A printer-plotter 
integrator with variable input voltage was used to monitor 
signal output with a chart speed of 0.5 cm/mm. The 
analytical column consisted of a low-capacity anion/R 
(Wescan 269-029) resin-based anion-exchange column 
(250 x 4.6 mm). A Wescan guard column (40 x 4.6 mm) 
packed with pellicular anion-exchange material (269-003) 
was attached before the analytical column, with zero dead- 
volume fittings. To prevent drift in conductance because of 
temperature variation, the column was insulated with a 
column heater (Eldex Laboratories, Menlo Park, CA, 
Model III) and maintained at 25”. Samule iniection 100~s of 
100,500 and 2000 pl volume were used in testing the 6mit.s 
of detection. 

The mobile phase consisted of p-hydroxybenxoic acid 
(PHBA) (Sigma, St. Louis, MO) solutions, 3.0-7.OmM, 
adjusted to pH 7.5-10.0 with sodium hydroxide. An “ascar- 
ite” tube was fixed over the flask containing the mobile 
phase in order to absorb C02. The flow-rate was 2 ml/min, 
the column inlet pressure was _ 70 bar (1000 psig) and the 
detector output was 10 mV. Column conditioning proce- 
dures are given elsewhere.” 

Reagents 

Analyte solutions were prepared by dissolving sodium 
chloride (Mallinckrodt, St.-L&is, Md), potas&n nitrate 
(Aldrich, Milwaukee, WI), potassium sulphate (Baker, 
Phillipsburg, NJ), and potassium chromate (Mallinckrodt) 
in HPLC-grade water obtained by filtering demineralized 
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water successively through an HN organic removal resin 
(Bamstead, Boston, MA), an HN Ultrapure DI exchange 
column (Bamstead), and a 0.22~pm membrane GS filter 
(Millipore, Bedford, MA). The Cr(V1) standards were pre- 
pared daily from a standard stock solution. All analytes 
were determined on an elemental basis. 

Field samples and their preparation 

The sewage sludge samples were collected from various 
treatment plants in California. These samples were dried at 
65”, ground (to c2 mm) and then stored at room temper- 
ature. The surface soil samples were collected from a depth 
of O-l 5 cm, air-dried and sieved (c 2 mm). 

Soil and sewage sludge extracts were prepared by shaking 
50 ml of demineralized water with 5 g of the air-dried sample 
for 2 hr, and filtering the suspension (Whatman No. 42 filter 
paper). One sludge sample used in this study had a relatively 
high sulphate content, part of which was removed by ad- 
dition of 5% aqueous barium acetate solution under acidic 
conditions and filtration; the flltrate was alkalized with 3M 
sodium hydroxide, heated at 70” for 2 hr, then stirred and 
filtered to remove any precipitate which might have formed. 
All sample extracts were slowly passed through a Supelclean 
LC-Si tube (Supelco Park, Bellefonte, PA) under positive 
pressure, at a flow-rate of 2 ml/min. This step aids in the 
removal of organic impurities from the sample. After suit- 
able dilution the extract was passed through a 0.22~pm 
Millinore GS filter before the SCIC analvsis. 

Td check the reproducibility of the meihod, solutions of 
combined standards were injected a minimum of 10 times. 
Detection limits obtained with various injection volumes 
were calculated as the concentration equivalent to three 
times the baseline noise (S/N = 3). 

Spectrophotometry 

The absorbances of standard and sample solutions were 
measured at 540 nm with a Bausch and Lomb Spectronic 20 
spectrophotometer. The diphenylcarbazide method’* was 
used. 

Inductively coupled argon-plasma emission spectrometry 

A Jarrell-Ash Atom Comp 800 ICAP was used to confirm 
Cr(V1) detection. The wavelength was 267.7 nm and a Fassel 
type torch was used with a forward power of 1.75 kW. The 
viewing height was 13 mm above the coil and the flow-rate 
of the Ar coolant gas was 14.1 ml/min. The preintegration 
and integration times were each 17 sec. 

RESULTS AND DISCUSSION 

Influence of eluent pH and concentration on anion 
resolution 

The choice of eluent and working pH was impor- 
tant in optimizing separation of Cr(V1) from other 
ions inherently associated with soils and sewage 
sludge. Selection of the eluent was based not only on 
resolution but also on signal response and analysis 
time. Among the eluents tested (sodium hydroxide, 
sodium benzoate, PHBA, potassium hydrogen phtha- 
late, and phthalic acid solutions), PHBA (p-hydroxy- 
benzoic acid) provided the best overall 
chromatographic conditions. With PHBA the capac- 
ity factor (k’) of the most strongly retained ion, 
Cr(VI), was less than 10. The analysis time was also 
shorter than that obtained with the other eluents and 
peak broadening was negligible. 

Figure 1 illustrates effect of mobile phase pH on 
the k’ values for Cl-, NO,, SOi- and Cr(V1). A 
dramatic decrease in retention of Cr(V1) and SOi- 

7 8 9 IO II 

pH OF MOBILE PHASE 

Fig. 1. Effect of eluent pH (5mM PHBA) on the capacity 
factor (k’). 

was observed when the pH was increased from 7.5 to 
10.0, whereas there was only a slight decline in the k’ 
values for Cl- and NO,. The resolution, R,, for So’- 
and Cr(V1) was >2.5 in the pH range 8.5-9.5. 
Increasing the pH of the mobile phase alters the 
degree of ionization of PHBA, which loses a second 
proton at pH >/ 8.5. 

Further studies were made of the concentration of 
the mobile phase. Figure 2 shows that k’ for the 
anionic species tested decreased with increasing elu- 
ent concentration. With 5-7mM PHBA, R, for 
Cr(VI)/SO:- was fairly constant (2.8-3.2). The opti- 
mum mobile phase chosen for detection of Cr(V1) 
was 5mM PHBA adjusted to pH 8.5 with sodium 
hydroxide. 

k’ 

CONCENTRATION OF MOBILE PHASE (mbl) 

Fig. 2. Effect of eluent concentration (pH = 8.5) on the 
capacity factor (k’). 



Determination of chromium(VI) in soil and sludge extracts 891 

Precision 

The precision of the proposed method, determined 
by repeated injections of combined standards, is 
given in Table 1. The results show that the relative 
standard deviations (RSD) for all the aualytes tested 
ranged from 0.9 to 2.0% with a 500~~1 injection. 
Precision with the 2-ml injections ranged from 3.2 to 
7.4%. 

Detection limits and linearity 

Limits of detection (LOD, S/N = 3) for various 
sample sizes are given in Table 3. Increasing the 
sample loop size above 2 ml did little to decrease the 
LOD for Cr(V1) because the peaks became distorted 
and overlapped. The conductometric detection limit 
was found to be 92 pg/l. for a 2-ml sample injection. 
Lowering the pH of the sample solution to less than 
7.0 increased the detection limit for Cr(V1). The 
calibration plot for Cr(V1) peak area against concen- 
tration was linear in the range 1.8-27.6 pg/ml. 

Interferences 

One of the major concerns in analysing soil and 
sludge samples by ion-chromatography is the precise 
determination of the ion of interest in the presence of 
other ions which could mask the signal. In previous 
determinations of Cr(V1) in water samples by SIC, 
nitrate and sulphate, which are generally present in 
such samples, were not considered. In our proposed 
SCIC method relatively high concentrations of ni- 
trate and sulphate did not significantly affect the 
analysis for Cr(V1) and these ions can also be deter- 
mined. Resolution of Cr(VI)/Sq- was excellent 
(R, = 2.8) and very sharp peaks were obtained. Fur- 
ther studies with standards indicated that other ions 
such as phosphate (k’ = 2.64), arsenate (k’ = 2.70) 
and selenite (k’ = 6.28) did not affect the determina- 
tion of Cr(V1). In another SIC study,” the analysis 
time for Cr(V1) was 45 min and a broad peak was 
obtained; reduction of the analysis time to 25 min 
resulted in interference by sulphate. 

The proposed method determines only the water- 
extractable Cr(V1) in soils and sludges. Its use for 
determination of total chromium would be vitiated 

Table 1. Precision of the ion-chromatographic method* for 
determination of CrtVI) and other anions 

Sample 
injection 
volume, 

ill Parameter 

Ion 

NO; SO?- CrfVI) 

500 Concentration, pgglml 12.0 15.0 10.0 
RSDt, % 0.9 1.8 2.0 

1000 Concentration, pgglml 8.0 10.0 8.0 
RSD, % 2.3 3.7 4.4 

2000 Concentration, pgglml 4.0 6.0 5.0 
RSD. % 3.2 5.5 7.4 

*Column, Wescan resin-based anion-exchange; mobile 
phase, 5mM PHBA (pH 8.5); detection, conductometric. 

tRSD = relative standard deviation from 10 measurements. 

Table 2. Cr(VI) content @g/g) in sewage sludge and soil, 
determined by SCIC, ICP and speetrophotometric analysis 

of aqueous extracts 

Sample SCIC* ICP Spectrophotometry 

Ontario sludge # 315 3.02 3.16 3.08 
Napa sludge # 137 5.20 5.42 5.10 
Visalia sludge #204-l N.D.t N.D. N.D. 

Spiked, 2.2 pg 2.05 2.18 2.14 
Spiked, 2.8 pg 2.70 2.84 2.68 

Soil 6125-3 N.D. N.D. N.D. 
Spiked, 2.5 fig 2.45 2.48 2.40 
Spiked, 2.0 pg 2.04 1.97 1.90 

*Chromatographic conditions as in Table 1. Based on four 
500-~1 injections. 

tN.D. = not detected. 

by the overlap of the Cr(V1) peak by the peaks of the 
anions of mineral acids that would be necessary for 
extraction of the total chromium from the samples. 

Comparative methodr of determination 

To investigate the validity of the proposed SCIC 
method for Cr(V1) in soils and sludges, some samples 
were spiked with known amounts of Cr(V1) and 
immediately analysed by SCIC, ICP and spectropho- 
tometry. The results are shown in Table 2, and were 
similar. The relationships between SCIC (X) and the 
other two methods of determination were: 

Y,,, = 1.06&c,, - 0.078; 

r = 0.997 (P < 0.001) 

Y spectrophotomctry = 0.997X,,,, + 0.036; 

r = 0.995 (P < 0.001) 

The regression equations indicate excellent agreement 
with the comparative methods of determination. 

SCZC analysis for Cr ( VZ) 

A typical single-column chromatogram for an 
aqueous sewage sludge extract is shown in Fig. 3. 
The concentration of Cr(V1) in the dried sludge, 
calculated on the basis of peak area, was 5.2 pg/g 
(Table 2). The chromatography time was 16 min. 

The results obtained in this study show that the 
proposed SCIC method can be used satisfactorily to 
determine Cr(V1) in water extracts of soil and slvdge 
samples. The method requires minimal sample prepa- 
ration, is rapid and selective, and affords the degree 

Table 3. Detection limits* of Cr(V1) and other 
anions, in aqueous solution, by the SCICt 

method 

Sample 
injection 
volume, Cr(VI), NO;, so:-, 

PI. pgcgll. !Jggll. pggll. 

100 1540 490 850 
500 320 105 172 

2000 92 28 42 

*S/N = 3. 
tChromatographic conditions as in Table 1. 
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0 4 6 I2 16 

RETENTION TIME (MN) 

Fig. 3. Chromatogram of an aqueous sludge extract. 
Column: resin-based anion-exchange; eluent: 5mM PHBA, 

pH 8.5; detection: conductometric. 

of accuracy required for determination of trace levels 
of Cr(V1) in various environmental samples. 

Am. J., 1985, 49, 587. 
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Summary-A novel approach for trace element determination in coal samples is described, based on 
grinding the sample to less than 200 mesh, “pipetting” the material into a tube-cup furnace, and 
measurement by electrothermal atomization atomic-absorption spectrometry. Either solid standard 
reference materials or aliquots of solutions of Pb, Zn and Mn can be used to prepare analytical calibration 
curves. The SRMs are diluted with spectroscopic grade graphite prior to introduction into the tube-cup 
furnace. After the atomization and cleaning step, any remaining ash is removed with a Pasteur pipette. 
The measured values for Pb, Zn and Mn agree well with the certified SRM values. The method is rapid. 
and suSiciently precise (5-14%) and accurate (within 5-12% of standard reference values). 

The most common method of analysis of solid 
coal samples for trace elements is by ashing and 
dissolution, followed by measurement by flame or 
electrothermal atomization atomic-absorption spec- 
trometry or inductively coupled plasma-emission 
spectrometry. Such methods are slow, and subject to 
contamination from reagents and the environment, 
and losses of the analytes. Direct solid sampling of 
coal and other materials is less time-consuming and 
less subject to such contamination and loss errors 
but more prone to precision and calibration prob- 
lems. Langmyhr and W&toe’ have reviewed direct 
analysis of solids by AAS. The major approaches 
have included the following: (i) atomization of non- 
dispersed powdered solids by direct “nebulization” 
into flames or plasmas; (ii) atomization of samples 
suspended in solid dispersing agents, by direct 
“nebulization” into flames or plasmas; (iii) atomiza- 
tion of samples suspended in liquid dispersing agents, 
by direct “nebulization” into flames and plasmas; (iv) 
atomization of particles produced by arcing, sparking 
or laser ablation and introduced into a flame or 
plasma; (0) direct introduction of solids into electro- 
thermal atomizers; (oi) atomization of conducting 
solids by cathodic sputtering; (vii) atomization of 
conducting films containing the analyte within or 
on the surface, by capacitative discharge. Of these 
direct approaches, the most commonly used has been 
electrothermal atomization, although slurry atomiza- 
tion has been of considerable interest. The reader is 
referred to the excellent review by Langmyhr and 
W&toe’ for comparison of approaches and types 
of results obtained prior to about 1985. We will be 
concerned here only with those approaches used for 
trace element analysis of coals. 

direct analysis of powdered coal for trace metals 
by electrothermal atomization atomic-absorption 
spectrometry. These approaches have involved both 
atomization of the powdered coal by direct introduc- 
tion into the furnace ~ell**~,~‘~ and atomization of 
slurried powdered samples placed in the furnace 
cell.‘*“*‘6 Most workers using direct introduction of 
solid coal into the furnace cell have been concerned 
with determination of Zn, Cd, Pb, Hg, and Fe, 
whereas those workers using slurry introduction have 
been concerned primarily with hydride-forming ele- 
ments. Two groups of workers*,’ have determined Pb 
in coal by direct coal introduction into electrothermal 
atomizers, whereas one group has analysed coal by 
using slurry introduction into the furnace cell.’ Four 
groupsw have determined Cd in coal by direct intro- 
duction of solid into the furnace cell. Siemer and 
Wei have determined Pb in various ground glasses 
and rocks by electrothermal atomization AAS after 
mixing the samples with powdered graphite. In no 
previous study to our knowledge has Mn been deter- 
mined in coal by direct introduction of solid sample. 
In all the previous methods for Pb and Cd, the 
analysis was slower and less accurate than the one 
described here. Our approach involves direct rapid 
introduction of coal into a tube-cup furnace atomizer 
by a “pipette” method, measurement of the absorp- 
tion, removal of the remaining ash by Pasteur pipette, 
and comparison with analytical calibration curves 
obtained with either standard solids or standard 
solutions. 

Instrumentation 

EXPERIMENTAL 

Relatively few studies*-I6 have been made of 
Details of the instrumentation used for all studies are 

given in Table 1, and the experimental conditions in Table 2. 

Reagents and materials 

*Research supported by EPA CR813017-03-1. Reagents included standard solutions of lead, manganese 
tAuthor to whom all correspondence should be sent. and zinc (the first from Alfa Products, Danvers, CA, and 
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Table I. Instrumental system used for direct solid analysis of coal samples 

Instrument PurpOSe Company 

I-80 Zeeman Absorbance Hitachi 180 
atomic-absorption 
spectrometer 

Hitachi cup-type high- 
density graphite tube 

measurement 
Hitachi Ltd. 
(Tokyo, Japan) 

Sample cell Shimadzu Scientific 
Instruments 
(Columbia, MD) 

SMI (Emeryville, CA) SMI pipettor with 
capillary glass tips 

Pasteur pipette with 
polished end and rubber 
bulb 

Vibrator with plastic 
ball mill plus 200- 
mesh screen 

Transfer of powder 
sample to the sample 
cell 

Removal of remaining sample Kimble (Toledo, 
ash from sample cell Ohio) 

Grinding and preparation 
of solid samples 

Spex Industries 
(Metuchen, NJ) 

the other two from Inorganic Venture Inc., Brick, NJ). 
Ammonium dihydrogen phosphate and magnesium nitrate 
were obtained from Inorganic Venture Inc. and Aldrich 
Chemical Co. (Milwaukee, WI), respectively. Suprapur 
nitric acid was obtained from Merck (Darmstadt, FRG). 
The standard reference coal samples SRM-1632b, 1633a, 
and 1635 were obtained from NIST (Washington, DC). 

Procedures 
All SRMs were diluted with spectroscopic grade graphite 

(United Carbon Products Co., Bay City, MI); the sample r 
to graphite ratio varied between 1: 99 and 1: 1, The dilution 
was used to minimize matrix interferences and non- 
specific absorption. The SRMs were dried according to the 
procedures recommended by NIST and diluted as described 
above. Coal samples were first ground with a ball mill, 
passed through a 200-mesh sieve (a mesh size giving smaller 
particles is also suitable, but not one giving larger particles, 
since it would lead to pipetting difficulties and poor 
precision) before dilution with spectroscopic grade graphite. 
The graphite-diluted powdered samples were then intro- 
duced by means of a new and fairly precise approach into 

the tube furnace through the top hole by means of an SMI 
pipettor (see Table 1) in the same way as a solution sample. 
The pipettor was set into the proper position, inserted into 
the sample powder, and tapped several times until the tip 
was fllled. The sample adhering to the outside of the pipettor 
tip was wiped off, and the sample dispensed into the tube 
cup furnace. The relative standard deviation of dispensing 
between 326 and 466 pg was between 5 and 7%. The relative 
standard deviations were determined from the weights of six 
pipette-loads of each sample: No sample loss occurred in the 
transfer step, provided that spectroscopic graphite powder 
was used for dilution. Presumably, this approach could be 
used with most solid materials as long as they are sufl&ntly 
diluted (99:l) with graphite powder and there is sutTlcient 
atomic-absorption sensitivity. Once the solid sample had 
been dried, ashed, atomized and the tube cleaned, a Pasteur 
pipette (see Table 1) was used to remove residual solid 
material. This was readily done by first wetting the inside of 
the pipette to stop the removed residue from falling back out 
of the pipette. 

Lead. Lead standard solutions were prepared from 
1 .OOO mg/ml stock solution by dilution with 0.2% v/v nitric 

Table 2. Experimental conditions for direct solids analvsis of coal 

Temperature, “C 

Element Stage Initial Final Ramp, set Hold, set 

Pb Drying a0 150 40 0 

Zn 

Mn 

As&g 150 1000 10 20 
Atomization 1000 2400 0 7 
Clean 2400 2700 0 3 
External gas flow during atomization = 0.0 ml/min 
Monochromator spectral bandwidth = 1.3 nm 
Wavelength = 283.3 nm 

Drying a0 150 10 30 
Ashing 150 500 5 30 
Atomization 500 2500 0 I 
Clean 2500 2700 0 3 
External gas flow during atomization = 150 ml/min 
Monochromator spectral bandwidth = 1.3 nm 
Wavelength = 213.9 nm 

Drying a0 120 10 40 
Ashing 120 1100 5 25 
Atomization 1100 2800 0 10 
Clean 2800 2800 0 3 
External gas flow during atomization = 100 ml/min 
Monochromator spectral bandwidth = 0.4 nm 
Wavelenath = 279.5 nm 
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Time 

Fig. 1. Temporal absorption profiles of lead evolved 
from solid samples: (a) SRM 1632b, (b) SRM 1635, (c) 
SRM 1633a, and (d) coal obtained from Environmental 

Engineering Sciences, University of Florida. 

acid, and lo-p1 volumes were introduced into the furnace 
with the micropipettor, fitted with disposable plastic tips. 
The SRMs and the coal sample were diluted with spectro- 
scopic grade graphite: SRM 1633a l%, SRM 1635 50%, 
SRM 1632b 20%. Aqueous standards were used for the 
calibration curve plot but solid standards gave identical 
results; the calibration curve was linear from 0 to 5OOpg. 

Ammonium dihydrogen phosphate was the only matrix 
modifier evaluated, and was chosen on the basis of work by 
Ebdon and Evans.” In our case, it eliminated a prominent 
shoulder, resulting in well-behaved absorption peaks as 
shown in Fig. 1, and by stabilizing the lead allowed ashing 
temperatures as high as 1200” to be used (see Fig. 2). We 
used looo” ashing temperature. 

The relative standard deviation of introducing solid 
samples into the furnace was 5-7% for amounts between 
372 and 423 pg. 

Zinc. Zinc standard solutions were prepared from 
1.000 mg/ml stock solution by dilution with 0.2% v/v nitric 
acid, and lo-$ volumes were introduced into the furnace 
with the micropipettor. The SRMs were diluted with spec- 
troscopic grade graphite and introduced into the furnace by 
the SMI pipettor. Both solid and solution standards were 
used for the calibration; linear calibration curves with 
identical slopes and intercepts were obtained over the range 
0-11OOpg. 

0.07 

0.05 

0.05 

E 

z 0.04 

B 
P 

0.03 

0.02 

0.01 m . 
Fig. 2. Peak area absorption signal for lead us. ashing 
temperature. Matrix modifier, ammonium dihydrogen 

phosphate, present. 

&“‘m 
ashing temperature( ‘C) 

a 

Fig. 3. Peak area absorption signal for xinc vs. ashing 
temperature. No matrix modifier present. 

Although the addition of ammonium dihydrogen phos- 
phate to the sample in the tube-cup furnace allowed an 
ashing temperature as high as 1100” to be used, all studies 
were performed without the matrix modifier because it 
caused poorer precision (2-3 times worse). With no matrix 
modifier, a 500” ashing temperature was used (see Fig. 3 for 
ashing of the three. SRMs, an aqueous rg/mI standard 
solution, and a coal sample containing Zn). The temporal 
profiles of the zinc absorption peaks also demonstrated 
good behaviour for the SRMs just as in the case of Pb (see 
Fig. 1). 

Manganese. Manganese standard solutions were prepared 
from 1 .OOO mg/ml stock solution by dilution with 0.2% v/v 
nitric acid, and 1O-fil aliquots were introduced into the 
furnace. The SRMs were diluted with spectroscopically pure 
graphite as follows: SRM 1635 lo%, SRM 1633a 1% and 
coal 10% w/w. The relative standard deviations of introduc- 
ing solid samples of 382445 pg into the furnace were. 5-7%. 
The calibration plot was prepared by using various amounts 
of SRM 1632b in the same manner as described above and 
was found to be reliable, whereas the curve obtained with 
aqueous standards was unreliable. A linear calibration curve 
was obtained over the range O-l 100 pg. 

The ashing temperature chosen was 1100” (see Fig. 4). 
The temporal peak profiles for manganese were all well 
behaved just as for Pb (see Fig. 1). 

0.15 

0.14 

0.13 

8 
& 0.12 

x 
$0.11 

a 

0.10 

0.00 

0.05 

Fig. 4. Peak area absorption signal for manganese us. 
ashing temperature. No matrix modifier present. 
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Table 3. Comparison of certified values for Pb, Zn and 
Mn in coal samples with values obtained by direct sampling 

AAS method 

SRM 1633a SRM 1632b SRM 1635 

This work,+ ppm 
Pb 70.4 f. 3.6 
Zn 213&26 
Mn 167 k 23 

Certified values, ppm 
Pb 72.4 + 0.4 
Zn 220 _+ 10 
Mn 179+8 

3.25 f 0.22 1.950.2 
4.6 f 0.6 12.9 f 1.6 

- 20 + 2 

3.67 + 0.26 1.9 f 0.2 
4.7 _+ 0.5 11.89 f 0.78 

- 21.4* 1.5 

*Confidence levels (95%) for our values, based on 6 or 7 
determinations. 

RESULTS AND DlSCUSSION 

Analytical calibration curves for lead, zinc and 
manganese were obtained. The correlation coefficient 
for Pb from 200 to 600 pg was 0.9965, for Zn from 
200 to 1200 pg 0.9970 and 0.9990, and for Mn from 
250 to 1200pg 0.9980. For all three elements, the 
deviation of the extrapolated calibration curves from 
the origin was within experimental error. The calibra- 
tion curves obtained with solution standards and 
solid standards gave identical results for Pb and Zn, 
but only solid standards could be used for Mn; with 
Mn, aqueous standards resulted in a much steeper 
calibration plot and gave extremely low values for the 
SRMs. 

The NIST certified values and the results obtained 
for the SRMs are given in Table 3. The agreement 
was excellent; the overall errors were between 5 and 
12% and presumably mainly due to the sampling 
error in each case. The usefulness of our solid 
sampling approach for determination of trace metals 
in coal is apparent from the good precision, small 

systematic errors, and short analysis time (less than 
30 min per sample, including all sample preparation 
and measurement steps). 
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Smemary-A simple and rapid method for the determination and characterization of chemically bonded 
ligands on reversed-phase packing materials is described. The method consists of cleavage with aqueous 
concentrated hydrofluoric acid and analysis of the reaction product by GC, NMR and maas spectrometry. 
It is contInned from “C-NMR spectra that the structure of the bonded ligand is not altered by aqueous 
hydrofluoric acid. Several commercial reversed-phase packing materials have been analysed by mass 
spectrometry and because the cleavage reaction proceeds quantitatively, the alkylsilyl groups used are 
completely converted into the corresponding fluoride derivatives. In the proposed method the cleavage 
reaction is so fast that the determination takes only 15 min for the steps prior to the chromatographic 
and spectrometric analyses. The relative standard deviation is 34%. 

High-performance liquid chromatography (HPLC) is 
gaining popularity as one of the most reliable and 
versatile methods for separation and quantification 
of mixtures. In the field of liquid chromatography, 
the reversed-phase (RP) mode may be the most 
frequently employed. ODS-silica (octadecylsilyl- 
silica) is one of the most generally used and effective 
packing materials. However, the variations in the 
chromatographic properties of the ODS materials 
prepared by various manufacturers are well-known 
and arise from the different preparative methods 
used. Characterization and determination of organic 
ligands which are chemically bonded on the surface 
of silica-gel are therefore important in assessing 
the chromatographic properties of reversed-phase 
packing materials. 

A number of methods for the analysis of bonded 
ligands have been reported.1-‘5 They can be classified 
as elemental analysis, pyrolytic degradation,‘” 
chemical cleavage&’ and spectroscopic methods.‘“‘s 
Because the quantity of bonded ligand is usually 
described in terms of carbon content, determination 
of elemental carbon is frequently employed. How- 
ever, no information about the structure and original 
form of the compound is obtained by this method. It 
has been reported that ligand functionality and the 
presence of end-capping can be determined from the 
peak intensity ratios (C18/Cl7, Cl/C4 and C2/Cl) by 
the pyrolysis-CC method,’ but the method was based 
on an empirical criterion applied to the peak height 
ratios. It seems that the pyrolysis-CC method could 
not be used as a quantitative tool for analysis of 
bonded ligands, and furthermore, special equipment 
is required. Several spectroscopic techniques such as 
nuclear magnetic resonance’“” and infrared spec- 
troscopy” provide many valuable pieces of infor- 
mation about the structure and the functionality 

of bonded ligands, but they also are not always 
suitable for quantitative analysis, and require special 
instrumentation. 

Several methods which employ chemical cleavage, 
such as fusion with alkali” and acid hydrolysis’ have 
also been reported, but it is rare for the cleavage 
product to retain the original structure of the bonded 
ligand. Moreover, the formation of by-products such 
as dimers has frequently been reported. It is doubtful 
whether these methods could be applied to quanti- 
tative analysis for bonded ligands. Booth et aL6 
studied the cleavage of silicones with anhydrous 
hydrogen fluoride and analysed the volatile alkyl- 
fluorosilanes resulting from the reaction. They re- 
ported that anhydrous hydrogen fluoride cleaved 
siloxane bonds selectively, Si-C bonds were not 
attacked and aromatic silane bonds were fragile. 
Since then cleavage by hydrogen fluoride in weakly 
basic solvents has been tried. Erard and Kovlts’ 
employed hydrogen fluoride in diethyl ether, and 
Faxio et a1.O used methanolic hydrofluoric acid sol- 
ution. However, the methods were slow, and in the 
latter, by-products such as methoxysilane were 
formed which affected the accuracy of the results. 
Nevertheless the method allowed identification of 
ligand mixtures. 

In the present investigation a rapid and simple 
method for the determination and characterization of 
chemically bonded ligands is proposed. The method 
consists of cleavage with aqueous hydrofluoric acid 
and analysis of the reaction products by CC, NMR 
and mass spectrometry. 

EXPEIlIMENTAL 

Mass spectra were measured with a JMS-DX300 mass 
spectrometer (JEOL. Japan) by conventional electron- 
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impact ionization. 13C-NMR spectra were recorded with a 
JNM-GX270 FT NMR spectrometer (JEOL, Japan), with 
deuterochlorofotm as solvent. Complete decoupling and 
distortionless enhancement by the polarization transfer 
(DEP’l’) method were used. The gas cbromatograph em- 
ployed was a GC-SA (Shimadzu, Japan) quipped with 
a 2-m packed column (2% OV-17) operating at RIO-200”, 
and a flame-ionization detector. Data processing of gas 
chromatograms was done with a Chromatopak C-R3A 
(Shimadzu, Japan). 

Reagents 
Aqueous concentrated hydrofluoric acid (46.5%) was 

employed without further purification. The organofluoro- 
silanes with mono-, di-, and trifimctionality were prepared 
from the corresponding organochlorosilanes. An adequate 
amount (about 500 mg) of the organochlorosilane was 
placed in a RIO-ml screw-cap polyethylene bottle. Ten ml of 
aqueous hydrofluoric acid were then added to convert the 
chlorosilane into fluorosilane. The reaction product was 
extracted with n-hexane and the solvent evaporated. The 
halogen exchange was confirmed by detection of the fluoride 
ion by ion-chromatography, Several packing materials for 
reversed-phase HPLC, from different manufacturers such 
as YMC, Merck, Tosoh, Fuji Devison, Shiseido and 
Whatman, were used. All reagents employed were of 
guaranteed reagent grade. 

Procedure 
An appropriate amount of packing material was placed in 

a 100~ml screw-cap polyethylene bottle and 10 ml of 
aqueous hydrofluoric acid were added. To cleave the chemi- 
cally bonded ligand completely, the mixture was stirred for 
15 mitt with water cooling. The cleavage product was 
extracted with five lo-ml portions of n-hexane and a 5-~1 
portion of the combined extract was injected into the GC 
column. When necessary the NMR and mass spectra of the 
extract were measured. 

RRSUL’IS AND DISCUSSION 

Structure of the alkyd group in the bonded ligand 

Figure 1 shows “C-NMR spectra of the mono- 
functional C,s silanes octadecyldimethylchlorosilane 
(ODDMCS) and octadecyldimethyhIuorosilane 
(ODDMFS), and the product obtained by cleavage of 
YMC ODS with aqueous hydrofluoric acid. The 
“C-NMR spectrum of ODDMCS was measured with 
complete decoupling because it was a standard ma- 
terial. On the other hand, the spectra of ODDMFS 
and the cleavage product of YMC ODS were 
measured by the DEFT method in order to clarify the 
ligand structure. Each peak is assigned’* as shown in 
Fig. 1 .I* The peak at 14.17 ppm is attributed to the 
terminal methyl carbon atom of the alkyl chain and 
the signal at 1.71 ppm is due to two methyl groups 
adjacent to the silicon atom of the silane ligand. As 
shown in Fig. 1 (b) and (c), all other peaks are 
negative and their chemical shifts and relative inten- 
sities are not changed. They are assigned to 
methylene carbon atoms of the alkyl chain. Two 
doublet peaks at - 1.2, - 1.5 ppm and 16.6, 16.8 ppm 
(methyl and methylene carbon atom, respectively) are 
attributed to “C-r9F spin-spin interactions. The 
same results could be obtained for both di- and 
trifunctional silanes. Mass spectra of mono-, di-, and 
trifunctional silanes also indicate that aqueous 

hydrofluoric acid does not cleave the Si-C bonds of 
the C,, bonded phase (Fig. 2). It is therefore con- 
cluded that the structural characteristics of the chemi- 
cally bonded phase are not destroyed by chemical 
cleavage with aqueous hydrofluoric acid. 

IdentiJication of ligand functionality 

Figure 2 shows mass spectra of ODDMCS, 
ODDMFS, and the cleavage product of YMC ODS 
with aqueous hydrofluoric acid. In Fig. 2(a) the 
molecule-ion peak of a monofunctional C,* chloro- 
silane appears at mass number 346. The relatively 
intense peak at m/z 331 is formed by the loss of a 
methyl group from the molecule-ion and the peak at 
m/z 93 is formed by the loss of an octadecyl group. 
In Fig. 2(b) the molecule-ion peak of a mono- 
functional ODDMCS (m/z 346) is converted into the 
peak of ODDMFS (m/z 330) by halogen exchange. 
The difference in m/z for other principal peaks be- 
tween (a) and (b) is also ascribed to the halogen 
exchange of fluoride for chloride. As shown in Figs. 1 
and 2, ODDMFS and the cleavage product gave the 
same “C-NMR and mass spectra. It is therefore 
confirmed that YMC ODS is prepared with a mono- 
functional ligand and that the aqueous hydrofluoric 
acid cleaves only the siloxane bonds of the chemically 
bonded ligand. 

Figure 3 shows mass spectra of difunctional C,z 
silanes. A shift of several principal peaks by m/z 32 
corresponds to halogen exchange (2F for 2Cl). Iso- 
topic peaks due to chlorine also disappear on substi- 
tution. Figure 3(c) shows a mass spectrum of the 
chemically bonded phase of Merck ODS. Merck 
ODS is probably prepared by using a difunctional Cn 
ligand. Mass spectra of trifunctional C,r silanes are 
shown in Fig. 4. The results obtained with tri- 
functional ligands are similar to those for mono- and 
difunctional ligands. The Tosoh ODS is confirmed as 
trifunctional. 

As described above, the functionality of chemically 
bonded ligands is reflected in the structure of the 
fluoride derivatives obtained by the cleavage reaction 
and no by-products are formed. 

Quantitative analysis of the chemically bonded phase 

Some fundamental conditions for the quantitative 
determination of bonded ligands were investigated. 

E$ect of the volume of cleavage reagent andsolvent. 
The influence of the volume of aqueous hydrofluoric 
acid and n-hexane on the recovery of bonded ligand 
is illustrated in Figs. 5 and 6 respectively. Figure 5 
shows that in analysis of 250 mg of YMC ODS, 
quantitative yield is reached with 5 ml of hydrofluoric 
acid. The carbon content of the ODS packing ma- 
terial used in the present investigation was about 
17.7%, which is equivalent to 23.8% as the fluoride 
derivative of the bonded ligand (ODDMFS). Figure 
6 shows that for the same amount of ODS packing 
material, the quantity of ligand detected increases 
with increasing volume of n-hexane used for the 
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Fig. 1. ‘“C-NMR spectra of monofunctional C,, silanes: (a) octadecyldimethylchlorosilane; (b) octadecyl- 
dimethylfluorosilane; (c) cleavage product of YMC ODS. 
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rz Fig. 2. Mass spectra of monofunctional C,* silanes: 
(a) octadccyldimethylchlorosilane; (h) octadecyldimethyl- 

fluorosilane; (c) cleavage producj of YMC ODS. Fig. 3. Mass spectra of difunctional C,, silanes: (a) octa- 
decylmethyldichlorosilane; (b) octadecyhnethyldifluoro- 
silane; (c) cleavage product of Merck ODS (Lichrosorb 

W-18). 
extraction but is constant from 20 up to 50 ml. 
Therefore, the volumes of aqueous hydrofluoric acid 
and n-hexane were tlxed at 10 and 50 ml (in five IO-ml 
portions), respectively. 

Rate of the cleavage reaction. Figure 7 shows the 
amount of cleavage product formed, as a function of 
time. The reaction is sufficiently fast for quantitative 
yield to be attained within 15 min at room tempera- 
ture. In the proposed procedure the cleavage product 
was therefore extracted with n-hexane 15 min after 
the start of the reaction. However, the yield of the 
fluoride derivatives of difunctional ligands is only 
about 40-50% of the expected value. If the rate ratios 
are constant, the amount of difunctional or polymeric 

ligand can be determined by means of an empirical 
calibration curve. The chromatogaphic properties of 
polymeric ligands, however, depend on the degree 
and condition of polymerization. Therefore, in order 
to characterize polymeric bonded ligands, it is more 
important to study the polymerization rather than to 
determine the bonded ligands on the surface of 
packing materials. 

Calibration graph. Several monofunctional ODS 
packing materials were employed, in which the 
carbon loading values were 6.75, 14.4, 17.7 and 
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Fig. 4. Mass spectra of trifunctional C,, silanes: (a) octa- 
decyltrichlorosilane; (b) octadecyltrithtorosilane; (c) cleav- 

age product of Tosoh ODS (TSK-IZOA). 

19.7% and a fixed amount (500 mg) of each was 
analysed by the proposed method. A linear relation- 
ship was observed between the quantity of cleavage 
product and the carbon loading. The slope of the 
line agrees with the value calculated from elemental 
analysis and passes through the origin, It is concluded 
that the cleavage reaction and extraction are quanti- 
tative for the monofunctional ligands. The relative 
standard deviation was 3.0% for five analyses of 250 
mg of YMC ODS, and 3.6% for SOO-mg samples. 
In reversed-phase liquid chromatography there is a 
direct influence of the length and concentration of 

Aqueous hydrofluorii acid (ml) 

Fig. 5. Effect of volume of aqueous hydrofluoric acid on the 
cleavage reaction: cleavage reaction time, 30 min; n-hexane, 

50 ml. 
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Fig. 6. Effect of volume of n-hexane on extraction efkiency. 
Cleavage reaction time, 30 min; aqueous hydrofluoric acid, 

10 ml. 

bonded ligands on retention behaviour, so this was 
investigated. In general, an increase in the length and 
concentration of the bonded ligands increases the 
retention time (or volume). On the other hand, the 

3wt____________________oiz 

0 
Mono- 

Fig. 7. Variation of the amount of cleavage product formed 
with time. Aqueous hydrofluoric acid, 10 ml; n-hexane, SO 
ml. Dashed lines indicate theoretical quantities calculated 
from carbon contents. 0 Monofunctional ligand; l di- 

functional l&and. 
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Table 1. Determination of ligand functionality 

Sample 
Batch Particle size, 

number lun Functionality 

YMC ODS 
Merck ODS 

(Lichrosorb RP- 18) 
Tosoh ODS 

(TSK-12OA) 
Fuji Devison ODS 

(ODS-WT) 
Shiseido ODS 

(s/s-Cl8) 
Merck RP-TLC 

(HPTLC-RP-18) 
Whatman RP-TLC 

(LKC-18F) 

851004 60/200 mesh Mono 
w315533 5 Di 

12AO506 5 Tri 

401204-s 10 _ 30 Tri 

- 10 _ 25 Di 

3813161 - Di 

002697 - Tri 

influence of silanol groups on the silica-gel surface in 
reversed-phase chromatography is secondary and not 
direct. It seems that trimethylsilane used for “end- 
capping” can be determined by the proposed method 
if a special apparatus is used for trapping the volatile 
reaction product, trimethylfluorosilane. It is, how- 
ever, more appropriate to characterize the influence 
of silanols by chromatographic investigation rather 
than by determination of trimethylfluorosilane. 

Analysis of commercial reversed-phase packing 
materials 

The ligand functionalities of several commercial 
ODS packing materials were identified by the pro- 
posed method. The results are listed in Table 1. In 
certain commercial ODS materials, some bonded 
ligands having different alkyl chain lengths (C,,, C,, 
and C,,) were found. 

CONCLUSION 

A simple and rapid method for the determination 
and characterization of chemically bonded ligands, 
employing cleavage with aqueous hydrofluoric acid, 
has been established. The i3C-NMR spectra indicate 
that the structure of the ligand is not altered by the 
chemical cleavage. The functionalities of commercial 
reversed-phase packing materials may be analysed by 
the proposed method. The cleavage gives a constant 
yield in 15 min, and the method can be used 

to characterize and determine chemically bonded 
ligands. 
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Snnnnary-From analysis of literature data on the protonation of N-donor and N,Odonor ligands at 
25”, a simple model has been derived for the dependence of amine and amino-acid protonation constants 
on the background electrolytes, which takes into account the formation of weak complexes between the 
protonated forms of the amines (or amino-acids) and the background anions and between the amino-acid 
carboxylate group and alkali-metal cations. 

In previous parts of this series,‘-” we showed that 
if weak interactions between the ligand or the metal 
ion under study and the background electrolyte are 
taken into account, the dependence of formation 
constants on the ionic strength is a function only of 
the charges involved in the reaction. This statement 
needs some explanation and qualification. The first 
consideration is the choice of the reference state. 
When all the interactions occurring in the solution are 
to be allowed for, the reference state should be pure 
water. This means that, at least for some reference 
systems, a background electrolyte must be found that 
does not interact with the ligands or metal ions 
under study. As regards some inorganic’*“*‘**” and 
carboxylate ‘d7~“~‘4~‘5 ligands, we have found, in 
accordance with the literature, that they do not 
significantly interact with tetra-alkylammonium 
cations. As regards N-donor ligands,5j’6zo there is 
evidence that they do not form any complex species 
with alkali-metal ions, but interact significantly with 
tetra-alkylammonium cations.‘“‘9 Moreover, proton- 
ated amines seem to form weak complexes with singly 
charged inorganic anions’6*‘8*2’ and all anions form 
weak complexes with inorganic cations.22-24 

Models describing the behaviour of electrolyte 
solutions are of great importance in several fields, 
such as the speciation of biological and natural fluids. 
Two main approaches have been followed in these 
studies: (i) the ion-pairing model first proposed by 
Bjerrum25 and applied to sea-water by Garrels and 
Thompson26 and by Miller0 and Schreiber;*’ (ii) the 
specific interaction theory proposed in different forms 
by several authors2**29 (the classical physicochemical 
approach has been described by Harned and ChvetP 
and by Robinson and Stokes3’). Although all prop- 
erties of electrolyte solutions can be satisfactorily 

explained by both types of model,32 some characteris- 
tics of natural and biological fluids are better under- 
stood if an ion-pairing model is considered. We have 
made several studies to develop ion-pairing models 
and to ascertain their practicability.‘-” In this paper 
we deal with two very important classes of ligands, 
amines and amino-acids. 

Since numerous data on the protonation of amines 
and amino-acids at different ionic strengths are avail- 
able in the literature,‘7.20.33 we thought it interesting to 
investigate the possibility of finding a general model 
for the dependence of protonation constants of 
amines and amino-acids on ionic strength. 

THE MODEL 

The dependence of formation constants on ionic 
strength can be described by the semiempirical 
equation:” 

log B (0 = log B(Z’) 

+ 2 *ifi42 + 3JI) - JF/(2 + 3fi)] 

+(c,p++c,z*)(z-Z’) 

+ ($p* + 42’) (13’2 - I”‘*). (1) 

The analysis of several formation constants at 
different ionic strengths’-” showed that, when all the 
interactions occurring in the system under examin- 
ation are considered, the empirical coefficients in 
equation (1) are constant for all the systems, and have 
the values 

co=O.l; c’r0.23; h-0; d’= -0.1. (2) 

In most of our work on the dependence of formation 
constants on ionic strength, the term do is neglected 

903 



because c& * 0, but this term becomes significant for 
amines when interactions with singly charged anions 
are not taken into account.i6 

For the protonation of amines (am) or amino-acids 
(amo-), with corresponding protonation constants 
KY: 

[(am)H,_,]j-’ + H+$[(am)H,l’ 

[(amO)H,_ ,]J-’ + H+e[(amO)H,]j-’ 

equation (I), at I’ = 0, becomes: 

log Ki” = log TKjH - z; J1/(2 + 3 ,/?) 

+ (co + z: c, >z + (4 + Zf fZ, )z3’* (3) 

where logTKy is the protonation constant at I’ = 0; 
z,? = 2( 1 -j) for amines and z,* = 2(2 -j) for amino- 
acids, and p* = 1. 

When the protonation constants of amines and 
amino-acids are analysed (see also the next section), 
the dependence on ionic strength (with alkali-metal 
salts as background electrolytes) is seen to be the 
same for the whole set of amines or set of amino-acids 
but there are significant deviations from the values of 
c,, , c, , rl, and d1 . This can be explained by a mode116*u 
which considers that: 

(a) interactions with the background depend on the 
co-ordinating group involved in the protonation and 
complexation, but are otherwise independent of the 
ligand; 

(b) the significant interactions with the background 
are 

[(am)H,X,_ ,]p-‘+’ + X-+[(am)H,Xq]P-q; Kk 

for amines, and 

[(amO)HJ’- l+ M+ +[M(amO)HJP; K,” 

[(amO)H,]p-’ f X-+[(amO)H,X]P-*; K,“I 

for amino-acids. 
(c) the stability of [(am)H,X,]P-4 and 

[(amO)HpX]p-2 complexes is independent of the 
nature of X- (in general Cl-, NO; or ClO; ) and the 
stability of [M(amO)H,)” species is independent of 
the type of M+ (Na+ or K+). 

We collected from compilations’7*20,33 log KY values 
of 65 amines and 18 amino-acids at different ionic 
strengths and 25” and calculated for each ligand the 
quantity A log KY = log K:(Z) - log K/” (I = 0). The 
mean values are reported in Table 1, and their 
standard deviations, 5, are always quite low, which is 
the first step for confirmation of hypotheses (a) and 
(c), i.e., that the dependence of the protonation 
constants of amines and amino-acids on background 
is the same within the reported confidence intervals, 
for all ligands and background salts containing Nat 
or K+ and Cl-, NO, or ClO;. 

RESULTS 

If the literature values of the protonation constants 
of amines and amino-acids are analysed as a function 
of ionic strength, without taking into account weak 
interactions, the coefficients in equation (3) can be 
evaluated. For amines: 

log K; = log TK; - 2(1 - j ) J1/(2 + 3 fi) 

+ (0.152 + 0.173j)Z 

+ (0.142 - 0.226j )Z3’* 

and for amino-acids: 

(4) 

log K,” = logTKy - 2(2 -j)&2 + 3d) 

+ (0.40 - 0.24j )I. (5) 

904 AGATINOCASALE et al. 

Table 1. Literature data for the dependence of protonation constants of amines and amino-acids at 25°C on ionic strength 

Type of reaction I z* j AlogK,“&gt A log K%., f SS A log K&J 

am + H+ = [(am)H]+ 0.1 0 
0.2 
0.3 
0.5 
0.6 
1.0 

[(am)H]+ + H+ = [(am)HJ*+ 0.1 -2 
0.5 
1.0 

[(am)H*]*+ + H+ = [(am)H,]‘+ 0.1 -4 
0.5 
1.0 

[(am)HJ+ + H+ = [(am)HJ4+ 0.1 -6 
0.5 
1.0 

amO- + H+ = [(amO)H] 0.05 2 
0.1 
0.5 

[(amO)H] + H+ = [(amO)H,]+ 0.05 0 
0.1 
0.5 

0.035 f 0.004 0.030 + 0.004 
0.066 f 0.020 0.057 f 0.006 
0.054 f 0.008 0.084 f 0.007 
0.140 f 0.007 0.134 f 0.008 
0.176 f 0.020 0.156 f 0.009 
0.236 f 0.016 0.241 f 0.024 

0.257 f 0.012 0.255 f 0.007 
0.495 f 0.012 0.483 f 0.013 
0.52 f 0.05 0.59 f 0.03 

0.53 f 0.03 0.479 f 0.014 
0.82 f 0.04 0.83 f 0.03 
0.97 f 0.05 0.93 f 0.06 

0.73 f 0.05 0.70 f 0.02 
1.06 f 0.05 1.18 f 0.04 
1.35 f 0.10 1.28 f 0.09 

-0.180 f 0.012 -0.155 f 0.001 
-0.194 f 0.012 -0.191 f 0.002 
-0.221 f 0.011 -0.224 & 0.012 

-0.011 & 0.011 -0.004 f 0.001 
-0.009 f 0.017 -0.008 f 0.002 
-0.040 f 0.011 -0.041 f 0.012 

0.022 

0.108 

0.231 

0.242 

Z6 

0.51 
0.80 
0.95 

0.75 
1.10 
1.32 

-0.156 
-0.191 
-0.224 

-0.004 
- 0.008 
-0.041 

?A log KH = log KY(I) - log KH (I = 0), mean values f standard deviation of the mean. 
!A log Kk values calculated by equations (4) and (S), f standard deviation (from least-squares refinement with REGIS). 
$Calcula?~ by program ESZWC, taking into account weak complex formation. 
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Table 2. Formation constants ( f standard deviation) for weak complexes 
of amines and amino-acids at 25” 

PQ I=0 I=O.5 I= 1.0 

Amines log K; 11 -0.34 f 0.08 -0.49 -0.40 
21 0.59 + 0.05 0.41 0.54 
31 1.34 f 0.05 0.84 1.12 
32 -0.4 f 0.1 -0.1 -0.5 
41 1.88 f 0.05 1.12 1.34 
42 0.1*0.1 0.2 0.4 

Amino-acids log K," 0 0.28 f 0.05 0.15 0.24 
1 -0.4 f 0.1 -0.3, -0.3 

log K;, 11 -0.54 f 0.15 -0.49 -0.44 
12 -0.47 + 0.15 -0.6 -0.5 

On the other hand, if the general set of values for c,, 
c, ,h and d, is used, the equations are quite different: 

logK;= logTK;-2(1 -j)&(2+3& 

+ (0.56 - 0.23j)I + 0.2(j - l)P (4’) 

and 

log KY = log TKf’ - 2(2 -j),/?/(2 + 3fi) 

+ (1.02 - 0.46j)Z + 0.2(j - 2)Z3’*. (5’) 

As in our previous papers,‘6,18 we have tried 
to explain the differences between the log KY 
values in equations (4) and (4’) by means of assump- 
tion (b), and use of the least-squares computer 
program ESZWC. “~‘5 Calculations with this pro- 
gram gave reliable values of formation constants 
for [(am)H,X,]p-q complexes (Table 2). The values 
of log K; increase regularly with increasing p and 
decrease with increasing q (for the same value of p). 
The value of Kk is the same, within experimental 
error, for the pairs (p, q) = (1, 1) and (2,3), (2, 1) and 
(4,2), and so on. This observation, after some simple 
calculations, leads to the equation: 

log K; = 0.72 + 1.80~ - 0.72~~ (6) 

where a = (p - 2q)/2. The mean deviation between 
the values estimated for log K,“, by equation (6) and 
those in Table 2 is 0.06. This equation can be applied, 
in principle, for predicting the values of association 
constants between protonated pentamines or 
hexamines and singly charged anions. 

If the differences A log KY for amino-acids [equa- 
tions (5) and (S’)] are analysed by assuming ion-pair 
formation as in (b), reliable values of stability con- 
stants are again obtained for species listed in Table 2. 

Once again, it must be stressed that formation 
constant values for weak complexes are strongly 
dependent on the assumptions made in deriving 
them. In particular, if self-association of the back- 
ground electrolyte is taken into account, somewhat 
different values are obtained: if the association of 
Na+ or K+ with chloride is neglected, log Kf, for 
monoamines, at 25” and Z = 1 M, is -0.42; if the 
association is considered,24 the ionic strength and 
log Kr, become 0.83M and -0.28, respectively. 

The distribution diagrams in Figs. 1 and 2 show 
the relevance of ion-pair formation in solutions con- 
taining an amine (or amino-acid) and singly charged 
anions, at different pH values. 

1 3 5 7 
PH 

Fig. 1. Species distribution diagram for a tetra-amine 
@KY = 1.52, pKz” = 3.38, pK,H = 5.24, pK,H = 7.10, Z = 1.0, 
C, = O.OOlM; C, = 0.5M): 1, [(am)H]+; 2, [(am)HJ*+ ; 
3, KamV-1313+; 4, bU-1414+; 5, KamP-W; 6, bN-Wl+; 
7, bmY-IJl*+; 8, kmW3X21+; 9, [(am)H,XP; 10, 

90 
t 

3 5 7 9 

PH 

Fig. 2. Species distribution diagram for an amino-acid 
C&KY = 2.05, pK,” = 8.87, I = 0.5, C,, = O.OOlM; 
C, = 0.5M, Cx=0.5M): 1, [(amO)H]; 2, [(amO)H,]+; 
3, [(amO)M]; 4, [(amO)HM]+ ; 5, [(amO)HX]-; 6, 

[(amO)HzX]+. 

DISCUSSION 

In our attempt to find a simple general expression 
for the dependence of stability constant on ionic 
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Table 3. Simulated alkalimetric titration curves of a 
mixture containing nine amines and three amino- 

acids* 

v.t 
ml 

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.0 
8.5 
9.0 
9.5 

10.0 
10.5 
11.0 

PH*G 

10.64 f 0.03 
10.40 + 0.02 
10.18 f 0.02 
9.99 * 0.02 
9.80 f 0.02 
9.62 f 0.02 
9.43 * 0.02 
9.24 + 0.02 
9.02 _+ 0.02 
8.76 f 0.03 
8.44 + 0.03 
8.04 f 0.04 
7.48 f 0.05 
6.50 f 0.06 
4.20 f 0.06 
3.06 f 0.03 
2.65 + 0.02 
2.42 f 0.02 
2.26 rf: 0.01 
2.13 +O.Ol 
2.03 f 0.01 

PLS Pf-L# 

10.64 10.64 
10.40 
10.19 
9.99 
9.80 
9.62 
9.44 
9.24 
9.03 
8.79 
8.48 
8.08 8.14 
7.51 7.60 
6.57 
4.28 
3.07 
2.65 
2.42 
2.26 
2.13 
2.03 

10.41 
10.21 
10.02 

;:: 
9.49 
9.31 
9.10 
8.86 
8.55 

6.75 
4.49 
3.09 
2.66 
2.42 
2.26 
2.13 
2.03 

*The mixture contains: methylamine, benxylamine 
and THAM, each 4mM; ethylenediamine and 
trimethylenediamine, each 2mM; dien, trien, 
penten and 1,5,8,12-tetraazadecane, each 1mM; 
glycine, t-valine and sarcosine, each 2mM; 
M+ and X-, each 0.5M. 

tVolume of 0.5M monoprotic strong acid added. 
#Calculated (* standard deviation) with experi- 

mental log K/” values. 
SCalculated with log KY values obtained with equa- 

tions (4) and (5). 
#Calculated with log K!’ values from equations (4’) 

and (5’) and by considering weak complex 
formation (Table 2). 

strength [equation (1) with the general set of 
coefficients for co, ci , 4 and d,, and I < lM] we 
observed that, when dealing with the protonation of 
amino compounds,’ the values obtained for c,, were 
higher than those estimated for all the other systems. 
This significant difference can be attributed either to 
specificity of the amine protonation (compared with 
most other complex formation reactions) or to minor 
species present in solution and not yet considered. 
In this connection we verified whether ion-pair 
formation between the protonated amine and the 
background anion is able to explain the difference in 
the value of c,,, without assumption of any specific 
change in the activity coefficients. 

Both for pyridine (py)i6 and imidazole (im)‘* we 
found that the simple assumption of [(py)HX] and 
[(im)HX] formation in solution allows a satisfactory 
interpretation of the trend of the experimental data. 
Moreover the values of the association constants 
for the ion-pairs of [(py)H]+ or [(im)H]+ and X- 
(log K = -0.25 and -0.27 at I = 0 and 25”, respect- 
ively) are nearly the same and close to the value 
reported by Bates and Bowerr’ for the same type of 

reaction involving piperidine (log K = -0.22 at I = 0 
and 30-40”). 

The results presented here, being derived from 
various sources in the literature,‘7*20~33 are suitable for 
contirming our previous assumptions. In fact, the 
value estimated for Kt is close to those above for 
pyridine, imidazole and piperidine. 

To verify the validity of the proposed model 
for practical purposes (i.e., application to the study of 
a multicomponent system) we randomly selected 
some amines and amino-acids (methylamine, benzyl- 
amine, THAM, ethylenediamine, trimethylenedi- 
amine, 1,5,8,12-tetra-azadodecane, penten, trien, 
dien, glycine, valine and sarcosine: 12 ligands and 28 
protonation constants). Curves for the hypothetical 
titration, with strong acid, of a mixture of all these 
ligands were calculated by using (i) experimental 
protonation constants, (ii) constants corrected to 
Z = 0.5 by means of equation (4) and (S), i.e., with- 
out taking the formation of weak complexes into 
account, and (iii) constants corrected to Z = 0.5 by 
means of equations (4’) and (5’) together with the 
formation constants in Table 2. Table 3 shows that 
the agreement between curves calculated as in (i) and 
(iii) is fairly good, especially when it is considered 
that the larger pH differences occur in the region of 
the point of inflexion. 

Finally some general conclusions can be drawn 
from the results: (i) equations (4) and (5) show how 
the dependence of amine and amino-acid proton- 
ation constants on ionic strength may be taken into 
account without resort to complicated models; (ii) the 
value of K& for amines increases with the number of 
protons bound to the amine molecule; (iii) the value 
of Kf, for amino-acids, which is not very different 
from K:, for amines, suggests that amino-acids with 
protonated carboxylic acid groups behave similarly 
to amines; (iv) KY for amino-acids is close to the 
mean value independently estimated for reaction 
between M+ and monocarboxylate anion;” (u) Kf’ 
for amino-acids is lower than Kr , probably because 
of a weakening of the M+-carboxylate ionic bond 
when the amino group is protonated. 

Although no direct evidence has been produced for 
ion-pair formation between protonated amino groups 
and singly charged anions, the self-consistency of our 
model seems to be good circumstantial evidence. 
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QUANTITATIVE APPROXIMATION FOR THE 
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BEER’S LAW 

V. PERIS MARnmz, J. V. GIMENO ADELANTADO, A. PASTOR GARCIA 

and F. EWCH REIG 
Analytical Chemistry Department, Faculty of Chemistry, University of Valencia, 46100 Burjassot 
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Summary-A selectivity index is proposed for defining the selectivity of a spectrophotometric procedure 
that is subject to interference by species which do not obey Beer’s law in the system. The interactions 
between analyte and interferents which affect the absorbance of an analytical system are studied by means 
of a simple mathematical model. Theoretical expressions are derived which represent the selectivity as a 
function of the analyte or interfering species concentration. The treatment is illustrated by a study of the 
Zr(IV)-chloranilic acid system in presence of thorium as interferent. 

The term selectivity has been used by analytical 
chemists both qualitatively and quantitatively to 
show to what extent the determination of a substance 
is liable to interference. It is more correct to speak 
about methods being selective, rather than reactions, 
since the term applies only to methods of analysis.’ 

Belcheti was the first to propose a “Selectivity 
Index”, but suggested using it only qualitatively. 
Later efforts were directed towards quantifying the 
index, and Kaiser3 developed a mathematical formula 
for the purpose.. However, his mathematical model is 
too theoretical and difficult to apply in practice, and 
other papers have been published, intended to give 
easier application. Thus the definition proposed by 
Gottschalk4 established the limit at which the 
influence of a foreign substance would be unde- 
tectable, allowing characterization of the degree of 
interference in a standard procedure. Fujiwara et aLs 
modified Kaiser’s equation to express quantitatively 
the selectivity of atomic-absorption and atomic- 
emission spectrometry procedures for the determina- 
tion of trace metals in different matrices. InczBdy6 has 
quantified the selectivity of an analytical procedure, 
expressing the extent to which a species can be 
determined in the presence of other species which 
behave similarly, suggesting a single formula to 
express the selectivity of an analytical procedure as a 
function of the concentrations of the analyte and 
interferents. 

In practice, the formulae given in these papers 
require some simplifications and assumptions which 
give numerical values of the selectivity that are valid 
only for fixed concentrations of all the co-existent 
species. 

Pszonicki,’ and Pszonicki and Lukszo- 
Bienkowska8 define non-specificity coefficients which 

describe a parallel shift or a change in slope of the 
calibration curve caused by the presence of interfer- 
ents. This pair of values characterizes the influence of 
an interferent on the analytical result obtained by a 
defined method, and must be found experimentally 
for each system and is also valid only for the concen- 
tration range studied. 

There are many physical and chemical mechanisms 
which can cause interference. The magnitude of the 
interference is often non-linearly related to the con- 
centrations of the interferent and the analyte.q This 
phenomenon could be due to interaction of two or 
more interfering species. In an earlier paper” a 
quantification of the selectivity of an analytical proce- 
dure was proposed for spectrophotometric determi- 
nations, through a selectivity index, S, valid for 
systems that obey Beer’s law and expressed in terms 
of the analyte and interferent concentrations and the 
interaction effects among them. The present paper 
gives a more general mathematical treatment leading 
to an operational definition of a selectivity index for 
a spectrophotometric procedure involving systems 
which do not obey Beer’s law, but for which the 
individual absorbances are additive and the interac- 
tive effects are included in an interaction parameter. 
The method is applied to the chloranilic 
acid-zirconium system, with thorium as interferent. 
The selectivity values obtained are compared with 
those deduced from the Kaiser and Incddy formulae. 

THEORY AND MATHEMATICAL MODEL 

For simplicity of treatment, the cuvette path-length 
will be assumed to be 1 cm. 

In spectrophotometric determinations the 
absorbance (A,) and concentration (c,) of the analyte 
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species are related by fitting the experimental points 
to a mathematical function 

-4 =f,(c*) 

if the analyte species is the only one absorbing light 
at the working wavelength. If other species present (at 
concentration cb,) also absorb light of this wave- 
length, or otherwise interfere, the calibration function 
can be expressed as 

where A is the total absorbance. The experimental 
data are used to find the function which gives the best 
fit, but this is often very difficult to find, because of 
its complexity. It can, however, be expressed as a 
series 

A =f,(c.)+CSbr(cb,)+Cf~,(c,,cb,) 
I I 

+cf~;(c,,cb,,cb,)+... (1) 
II 

wheref,(c,) is the absorbance (A,) due to the analyte 
when it is alone, 

~f&bA 

is the sum of the absorbances directly due to the 
individual interfering species, 

c .&,@a, 4) 
i 

includes the effect of the interaction between the 
analyte and each interfering species, and is defined as 

7 k&Cb, 

where k,, is a constant or function to be determined 
for each case, irrespective of the mechanism of the 
interaction, and finally 

CfQ @a, cb,, cb,) 
il 

gathers the sum of the effects (expressed as ab- 
sorbances), due to interaction between the analyte 
and two interfering species (i,j) simultaneously. 

Further terms similar to the fourth in equation (1) 
could be added to take account of more complicated 
interactions, but as all these effects are generally 
negligible, only the first three summations in equation 
(1) need be considered, leading to 

A =fa(ca)+~fb,(Cb,)+~fk,(C,,Cb,) 
i , 

= 4, + 1 A,, + c k,G%, (2) 

i i 

The “selectivity index”, S, is definedlo as a relation- 
ship which represents the influence of the interfering 
species as a fraction of the analyte absorbance (or 

analyte concentration, if Beer’s law is obeyed): 

S=[A -A,II4,= &&b~)+~kc,~,%, II f,w I 1 

II 
f,(G) (3) 

In practice, several cases can occur, depending on the 
mathematical functions f. (c,) and fb, (cb, ) which 
describe the behaviour of the analyte and of the 
interfering species respectively, and also the nature or 
value of k,,. 

The procedure will be selective when S has a value 
very near to zero; when S increases, the selectivity 
decreases. 

Determination of k, 

When the functions f,(c.) and fb,(cb,) are known, 
we need to determine k,, in order to find the value of 
S; to do this, the analyte4nterferent interaction term 

c k,Ca%, 

in equation (2) must be evaluated, which requires as 
many equations as there are unknown quantities k,,, 
the number of which is also the number of interfering 
species present, i. 

For each such equation a set of assays is needed in 
which the analyte or the interferent concentration is 
varied; the results yield the function relating k,, to the 
concentration of the species treated as the variable. 

RESULTS AND DISCUSSION 

It is necessary to know the functions fp(cJ and 
fb, (cb, ) in order to apply equation (3); k,, must also be 
known and is found for each case by empirical 
methods. 

In practice, since there are three common types of 
function for f.(c,) and fb(cb,), there are 23 combina- 
tions of these for use in equation (3), see Table 1. The 
type of function is deduced from the theoretical 
function which fits the empirical data. This involves 
a core of theoretical functions that in each case satisfy 
the experimental information, over a validity range 
limited only by the chemical-analytical conditions. 

Table 1. Theoretical cases studied according to the type of 
absorbance function of the analyte v,(cJ] and of the 

interfering species vb, (cb, )] 

Function type Expressions 
for S given 

Combination f.(G) fb, kb, ) in Table No. 

1 Power Linear 2 
2 Linear Power 3 
3 Polynomial Linear 4 
4 Linear Polynomial 5 
5 Power Power 6 
6 Polynomial Power I 
I Power Polynomial 8 
8 Polynomial Polynomial 9 
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Table 2. Expressions for the selectivity obtained for different ways of interaction with a chemical system where the analyte 
absorbance is a power function (A, = UC:; 0 < u c 1) and the interfering species follows Beer’s law (Ah = QC,,,) 

Case kc, s x Y Z 

1 k,constant X + Yc,, 

2 PI + qrlc, X + Y/c,, + Z% 

3 P,+q$b, x + Yc,, + zc:, 

4 k,constant X/c0 + Yc’-” a a 

5 P,fq,lca x/c: + yc:-” 

6 p,+q,c* x/c:+ yc:-“+zc:-” 

cases l-3: c, constant, cb, # constant, cb, constant (i # 1). cases 4-6 ca # constant, cb, wnstant. 

Tables 2-9 show the exnressions obtained for 
calculation of the selectivity, corresponding to the 
combinations in Table 1 together with the three forms 
considered most significant for k,,, namely constant, 
hyperbolic or linear. 

S is expressed as a function of coefficients X, Y, Z, 
w, . . . , the numerical values of which are obtained as 
shown in the same tables. 

The variation of S has been studied in relation to 
the analyte or interferent concentration, for the 
several cases considered, with variation of only one 
parameter at a time. The complexity of the equations 
for S depends on the nature of the contributary 
functions, as illustrated below. 

Linear selectivity functions 

For a constant analyte concentration (c,), S is a 
linear function of the concentration of the interferent 

cb, , provided any other interfering species are present 
at constant concentration (cb,, i # 1). If the interfer- 
ent absorbance A,, obeys Beer’s law and kc, is 
constant, then if the analyte absorbance is given by 
a power function A, = UC:, (0 <v < l), we have 
Table 2, case 1; if the analyte absorbance fits a 
polynomial function A, = 1 + SC, + dci + . . . + rc:, 
where n is an integer, we have Table 4, case 1. The 
equation obtained is S = X + Ycb, where the slope is 
expressed as (Ed + k,,c,)/A, and the intercept on the 
ordinate is given by 

and corresponds to the S value due to the other 
interfering species present at constant concentration, 
when cbl is zero. Logically, since the slope is positive, 

Table 3. Expressions for the selectivity obtained for different ways of interaction with a chemical system where the analyte 
absorbance follows Beer’s law (A, = ac,) and the interfering species absorbance is a power function (Ab, = qci,; 0 < t, < 1); 

cases as for Table 2 

Case kc, S X Y Z W 

1 k, constant X + Yc,, + Zc$, 

2 Pi + dcb, x + Y/c,, -+ zcb, + WC;, 

3 Pi+qlcb, x + Yc,, + zc;, + web’, 

4 k,constant X + Y/c, 

5 P,+q,lca x + Y/c, 

6 i++va x + Y/c, + zc, 

k,lc %/C - 

($%cb,)/s P,h zI/Lc, 

($ @b, ++ de z,/Lc, 

- - 

- - 

- - 
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Table 4. Expressions for the selectivity obtained for different ways of interaction with a chemical system where the analyte 
absorbance is a polynomial function (A, = I+ SC, + dc: + . . + rc:) and the interfering species follows Beer’s law 

(Ab, = L,c,,,); cases as for Table 2 

Case k,, s X Y Z 

1 kconstant X + Yc,, f: (G, + k,c,c,,) 
II 

A, (61 +k,c,)/A, - 
z 

2 P, + q,icbd x + ycb, + zicb, &b, +P,cboca+%ca) 
II 

A, +I+ PI cJl.4 
2 

3 P,+@b, x + Yc,, + zc:, ikcb, +P.cb&a)],i 
2 

[~(q,cb,c.+P,c~+~,)]ja. q,calA, 

4 k, constant X/A, + YcJA, $ L,cb, 

5 P,+q,lca X/A, + Yc,IA, i kcb, + q$b,) 
I 

6 P,+q,Ca X/A,+ YcJA,+Zcf/A, i c,cb, 
I 

$ kcb, 

n 

c Picb, 
I 

f: P&b, 
I 

- 

- 

i 4, % 
I 

Table 5. Expressions for the selectivity obtained for different ways of interaction with a chemical system where the analyte 
follows a Beer’s law function (A, = cc,) and the interfering species absorbance is a polynomial function 

(As, = 1, + rich, + d,c;, + ’ ’ ’ + r,c% ); cases as for Table 2 

Case k, S X Y Z W 
I 

1 k, constant X + Yes, + ZA,, 7 (Ab, + k,cb,cd II =a 416 k - 
PI Ic 

n 

2 P, + dcb, x + Y/C,, + ZC,, + WA,, ; 6% /Ca + P$b,) + Qi ]/’ ($ %‘b# 

3 Pi+q,cb, x + YC,, + ZC;, + WAb, $ (Ab,/Ca + P,%,$ ($ q&b, +,,)/ 4,/E 

4 k,constant X + Y/c, 

5 P!+dc, x + Y/c. 

- - 

- - 

6 P,+q,ca x + Y/c, + zc, ($ Ab#r ($ q.cb,)/c - 

Table 6. Expressions for the selectivity obtained for different ways of interaction with a chemical system where the analyte 
and interfering species both absorb according to power functions (A, = UC:, 0 c u < 1; A,, = z,c$,, 0 < t, < 1); cases as for 

Table 2 

Case kc, S 

1 k, constant X + Yc,, + Zc$, 

X Y Z W 

i (M!, + k,cs,e,) II nc: k,c:-“/u z,/c:u - 
2 

2 4, + dcb, x + y/C,, + ZC,, + WCg’, $kC$, +p,Cb,C,)+q,‘+dC; q,Cb,C:-“/u Plc:-” lu z,/uc: 

3 Pa+qtcb, x + Yc,, + zcg i: (z,c(l, +P,cbtca) II UC: 

2 

4 k,constant X/c;+ Yc:-’ 

5 p, + q,/ca x/c. + UC;-” ’ ’ 

6 p,+q,c, x/c: + Yck-‘+ Zcf-’ 
( )I 

&hcb, u - 
I 
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Table 7. Expressions for the selectivity obtained for different ways of interaction with a chemical system where the analyte 
absorbance is a polynomial function (A, = I + SC, + dci f. . . + rc:) and the interfering species absorbance is a power 

function (Abr = z&,); cases as for Table 2 

Case kc, S X Y z W 

1 k, constant X + Yc,, + Zc$ 
C 

i (~6 + kc,) II A, hd4 z,lA, - 2 
2 P,+d%, x+ Ylc,,+Zc,,+ wil [ 

n Ckck +!4c.%)+q.+ (cac(,c+a ~,calA. z,lA, 
2 

3 P,+%cb, x + Ycb, + zcf, + WC6 
C 

” 
CM, +~,wd]/Aa 
2 

($a.., .,,,)/‘a wIA, z,IA, 

4 k, constant X/A, + YcJA, $ z,cb, $ kc,, - - 

5 P,+dca XIA, -I- YdA, i (z,cb, + %cb,) iprcb, - - 

I I 
n 

6 P,+wa X/A, + YcJA, + Zc:/A, i z,c$ c q&b, &7&b, - 
I I I 

S increases when c,, increases, i.e., the selectivity 
decreases. 

Polynomial selectivity functions 

Second-order polynomials: parabolic factions. S is 
a parabolic function of the concentration of an 
interfering species (ci,,) when the other interfering 
species concentrations ct,, are constant (i # 1). If the 
interfering species obeys Beer’s law and the analyte 
absorbs according to a power function A, = UC:, 
(0 c v < l), we have Table 2, case 3; if A, is described 
by a polynomial function we have Table 4, case 3. In 
both cases k,, is a linear function of the interferent 
concentration cb, . The general form of S in this case 
is quadratic: 

and for 

S = X + Yc,, + zc:, ) 

with 

cbl=O, S=~(biCblfPiC.Cbr)/A~. 
2 

Hence S will be maximal for q, < 0 and minimal for 
q, > 0; these values depend on the ratio - Y/2Z and 
the validity interval for the theoretical functions 
proposed. 

Polynomial functions of higher degree. The relation 
Of s t0 the interferent concentration cb, iS giVeII by a 
polynomial function of order n, (n > 2), when the 
absorbance of the interfering species is also given by 
a polynomial, and the analyte absorbance is (a) a 
linear function of its concentration when k, is con- 
stant or varies linearly with cb, (Table 5, cases 1 and 
3), or (b) a power function, and there is a linear 
relationship between kc, and cb, (Table 8, case 3), or 
(c) a polynomial function, with kc, a constant or a 

hyperbolic or a linear function of c,, (Table 9, cases 
l-3). 

When the interferent concentration c,, tends to 
zero, the value to which S tends is related to A, in the 
following ways. 

(a) When A, is linear, 

for constant k,, ; 1 is the independent term in the 
polynomial function. If k,, is a linear function 
(k,, =p, + qic,), (Table 5, case 3) then 

S=~(Ab,/C,+PiCb,)/~* 
2 

For cb, constant, 

At., = 1, •k SIcb, •t d& + . * * r& = constant 

and 

s = i (Ab, + Pi%,d/A,. 
2 

(b) If A, is a power function, then 

S= ~(li+Pic,cb,+q,c:cb,)+l, 
[ 2 II A, 

(c) When A, is a polynomial, 

s= &I,+k,C,%,)+l, 
[ II A, 

2 

if k,, = constant; 

S= ~(I,+qiC~)+Q1C~+l~ 
[ II A, 

2 

if kc, =pi+ qi/cb,; 
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II Aa 

if k,, = PI + qicb,. 

For an nth order polynomial function S =f(cb,) 
there will be n - 1 maxima or minima (for the 
derivatives equal to zero), and some of them could be 
included in the validity range of the function. 

Rational selectivity functions 

Hyperbolic functions. For constant concentrations 
of interfering species and an analyte which follows 
Beer’s law, S varies with the analyte concentration 
according to a hyperbolic function S = X + Y/c,, 
and also for constant values of k,, or values which 
vary according to k,, = p, + qJc,, and even for the 
occasional interferent with an absorbance expressed 
by a power equation la-,, = z&,, (0 < t, < l), (Table 3, 
cases 4 and 5), or a polynomial function 

where n is an integer (Table 5, cases 4 and 5). 
When the analyte concentration c, is very low, S 

will tend to be very high, indicating virtually complete 
lack of selectivity. If the analyte concentration is very 
high, S will approach 

i kC,cb,/C ifk,, is constant, 

and 

$pjci,, jr if k,, is hyperbolic. 

Other rational functions. When the absorbance of 
the analyte fits a polynomial and the interferences 
are of linear, power or polynomial type, then for 
interfering species at constant concentration, S is a 
rational function such as S = (X + Yc,)/(l + SC, + 
fit;+.. . + rc:), where n is an integer (Tables 4,7 and 
9, cases 4 and 5). The denominator represents the 
analyte absorbance and k,, can be constant or vary 
hyperbolically according to the analyte concentra- 
tion. 

In this case there could be an analyte concentration 
c, = - X/Y at which S would be zero and the method 
specific for the analyte. 

When k,, varies linearly with analyte concentration, 
the numerator of the rational function for S becomes 
X + Yc, + Zci, the denominator remaining the same 
as before (Tables 4,7 and 9, case 6). In this case there 
could be two values of c, at which S = 0, these being 
positive values of c, which cancel out the numerator. 

Irrational selectivity functions 

S for a chemical system varies according to an 
irrational function of the analyte concentration c, , or 
the interfering species concentration c,, (the other 
interfering species being at constant concentration), 
when at least the absorbance of the variable species 
also follows an irrational function. In this paper only 

TAL 36,9-C 

functions such as 

and 

A,=uc;, (O<v<l) 

A,, = zicj,, (O< t,< 1) 

are considered, and give two cases for the study of S, 
depending on whether the analyte or an interfering 
species is the independent variable considered. 

(a) If S =f(c,) for linear, power or polynomial 
functions of A,, then S = X/c: + Yci-“. When k,, is 
constant or varies hyperbolically, we have cases 4 and 
5 in Tables 2, 6 and 8. If k,, varies linearly, then 

s = x/c; + Yc;-U+ zc;-2 

(Tables 2, 6 and 8, case 6). 
(b) If S = f (cb, ), similar functions are obtained for 

the three types of A, function: linear, power or 
polynomial, but three cases can be distinguished 
according to the type of k,,. 

(i) If k,, is constant, S = X + Ycb, + Zc$ (Tables 3, 
6 and 7, case 1). When cb, tends to zero, S tends to 

f: 6% + kc,Ca%,)/A,. 
2 

(ii) If k,, is hyperbolic, S =X + Y/c,, + Zcb, + 
Wc$ (Tables 3, 6 and 7, case 2). Hence when cb, 
decreases, the value of S depends on the other terms 
in the equation, since the first is constant, Y/c&,, 
increases and the other two decrease. 

(iii) If k,, is linear (k,, =pi + qicb,), then 

S = X + Ycbl + Zc;, + wc$, 

(Tables 3 and 7, case 3). From this expression, when 
cb, tends to zero, S tends to 

R 

F (Ab, + Picacbl )/A,* 

In general, when the selectivity function is irrational, 
it can take asymptotic values (zero or infinity) for 
finite values of cb, . In this case compensatory interfer- 
ence effects could lead to S = 0 (“fully selective”) or 
cumulative interference effects could lead to S = co 
(“completely non-selective”). 

APPLICATION TO THE CXLORANILIC 
ACID-2d.W) SYSTEM WITH 

‘lko AS INTRRFRRENT 

Thorium is an interferent in the spectrophotomet- 
ric determination of zirconium with chloranilic acid,” 
and both systems give non-linear calibration plots, so 
we have chosen this determination for testing the 
model of selectivity presented in this paper. 

The calibration graphs obtained separately for 
zirconium and thorium over the ranges 0.64-4.56 and 
47-467 ppm respectively, in 2M perchloric acid with 
1 .O x lOA’A4 chloranilic acid, fit second-degree poly- 
nomials: 

A, = - 3.4 x lo-” + 0,22O[Zr] - 9.12 x IO-‘[Zr]’ 
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Table 10. Calculation of k,, values for the spec- 
trophotometric determination of Zr(IV) with 
chloranilic acid in presence of Th(IV) as interfer- 
ent; conditions: [chloranilic acid], 1 x IO-“M; 
[Th(IV)], 187 ppm; medium 2M HClO,; 1, 330 

nm; As, = 0.361 

c, 9 PPm 
lZr(IV)I A 

0.46 0.424 
0.91 0.491 
1.37 0.556 
1.82 0.620 
2.28 0.680 
2.74 0.732 
3.19 0.792 
3.65 0.851 
4.11 0.898 

-A; -kc, x 104 

0.033 3.84 
0.058 3.41 
0.085 3.32 
0.111 3.26 
0.131 3.07 
0.161 3.14 
0.174 2.92 
0.186 2.73 
0.208 2.71 

4.56 0.950 0.223 2.62 

A,,,= - 3.3 x 10-3+‘2.10 x 10-3[Th]- 1.10 x 10-6ph]2 

where the concentrations are expressed in pg/ml. 

Determination of k, 

Since the interaction parameter kc, (i = 1, in this 
example) could depend on either the analyte or the 
interferent concentration, two series of experiments 
were done, the first at a constant concentration of 
inteerferent (187 ppm Th[IV’J), with the analyte con- 
centration varied between 0.46 and 4.56 ppm, and the 
second at constant analyte concentration (1.37 ppm) 
and the interferent varied between 47 and 467 ppm. 
Tables 10 and 11 show the absorbances obtained, as 
well as the value of the interaction parameter calcu- 
lated from 

k,, = [A -(A, + A~,,llIwq = A;lc,c,, 

Plots of k,, us. [Zr(IV)] or ph(IV)] fit straight lines 
given by the equations 

kc, = - 3.76 x lo-‘+ 2.63 x 10-5[Zr(IV)] 

kc, = - 3.90 x lo-4+ 3.54 x lo-‘p-h(IV)] 

The expressions for the terms in equation (2) corre- 
spond to cases 3 or 6 in Table 9; therefore for the 

Table 11. Calculation of k,, valw for the spec- 
trophotometric determination of Zr(IV) with 
chloranilic acid in presence of Th(IV); conditions: 
[chloranilic acid], 1 x lo-‘M; [Zr(IV)], 1.37 ppm; 

medium 2M HClO,; 1, 330 nm; A, = 0.280 

cbl, mm 

[Th(Iv)J A -A; 
47 0.345 0.025 
93 0.416 0.045 

140 0.487 0.064 
187 0.558 0.083 
234 0.610 0.095 
280 0.667 0.111 
327 0.719 0.124 
374 0.771 0.133 
421 0.825 0.138 
467 0.875 0.148 

-kc, x 104 

3.88 
3.53 
3.34 
3.24 
2.96 
2.89 
2.77 
2.68 
2.39 
2.31 

7: 

,(d) 

ivm , Zr (IV),(*) 
Th (IV)%-*.(~) 

Fig. 1. Variation of the proposed S valueSwith the analyte 
concentration, curves (a) and (c), and the interferent concen- 

tration, curves (b) and (d). Broken line, k,, = 0. 

range of Zr and Th concentrations studied, the 
corresponding expressions for the selectivity are 

S= - 1.18 x 1O-2+5.59x 10-3[Th]-2.20x 10-6m]z 

s = 0.361 - 7.03 x 10-2[Zr] + 4.92 x lo-‘[Zr12 

- 3.4 x 10m3 + 0.22O[Zr] - 9.12 x lo-‘[Zr]’ 

If the analyteinterferent interaction is not consid- 
ered the expressions for S correspond to cases 1 and 
4 in Table 9, when kc, = 0. Figure 1 shows plots of S 
us. [Zr] or w]; curves (a) and (b) refer to the results 
obtained by considering the interaction term, and 
curves (c) and (d) are those obtained by omitting this 
term. In all cases, when the interaction is omitted, 
there is an increase in the value of S from 9.8 to 
153%, which demonstrates the importance of the 
interaction term and the necessity of taking it into 
account. 

We also calculated the selectivity for this system 
according to Kaiser3 and Incx&iy.6 Since their expres- 
sions can be used for precise concentrations, we chose 
for the calculation four pairs of values of Zr(IV) and 
Th(IV). Table 12 shows these results as well as those 
obtained by the method proposed in this paper. 

Kaiser’s method uses the sensitivity for each ion, 
and there should be a constant value for S,,; the 
differences between the four values are due to the 
chloranilic acid-Zr(IV) and chloranilic acid-Th(IV) 
systems not obeying Beer’s law, so that the sensitivity 
changes with Zr or Th concentration. 

Incxedy’s equation considers both species wncen- 
trations, so S-, varies over a larger range. The 

Table 12. Values of the selectivity in Zr(IV) determination 
in presence of Th(IV) as interferent: comparison of the 
results obtained by the Kaiser, Inca&y and proposed meth- 

ods 

c, v ppm cblv mm 

No. ZrlIV) Th(Iv) kiwi k7M, &asmBd 
1 0.46 187 103 -276 
2 4.56 187 91 55.5 %6 
3 1.37 47 106 67.9 0:246 
4 1.37 467 128 -165 2.12 
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negative values mean that the interfering signal is 
higher than the analyte signal. 

According to Incddy’s expression and the values 
in Table 12 the most selective combination would be 
number 3 with a value of S-, of 67.9%, whereas 
with our method it would be number 2, as we can 
deduce from its lower value of S. This disagreement 
is due to interaction being considered in our method 
but not in Incrkdy’s. If the interaction term is omitted 
in our method, the best combination becomes num- 
ber 3 in agreement with Incz&dy. 

This example shows the importance of considering 
the interactions between the species present in solu- 
tion, in order to calculate the selectivity. 

Acknowledgements-The authors are grateful to Dr. R. A. 
Chalmers for his comments and review concerning the 
manuscript. 
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Summary-The complexation of chromium by different flavonoid dyes in micellar media has been studied, 
in particular the reaction between chromium and quercetin. Micellar effects, the reaction pathway 
proposed and the application of the method to the determination of Cr(VI) and Cr(VI) + Cr(III) mixtures 
are discussed. 

It has long been realized that chromium presents a 
threat to man because of its toxicity. Chromium can 
occur in three oxidation states: Cr(II), Cr(II1) and 
Cr(VI), Cr(II1) being the most common and stable 
form.’ The biological and environmental activity of 
chromium depends on its oxidation state: whereas 
Cr(II1) is an essential nutrient for maintaining normal 
physiological functions,2 Cr(V1) has been demon- 
strated to produce deleterious effects in animals’ and 
human beings.3 

In biological specimens (serum, urine, liver, etc.) as 
well as in environmental samples, chromium is 
present at very low levels. 2*4 The reaction kinetics of 
chromium(II1) ions (simple or complex) in aqueous 
solution, e.g., Cr(H,O)z+, tend to be rather slow, 
reflecting the general field stabilization of this d’ ion.s 
In fact, most of the spectrophotometric methods 
based on chelation of Cr(II1) by organic reagents 
require a heating step to speed up the reaction. 

The use of micellar systems has proved to be 
extremely useful for the development of new im- 
proved absorption spectrometry and fluorescence an- 
alytical methods.6 The micelles may provide greater 
sensitivity, better selectivity, and improved precision 
and simplicity of the analytical reaction. Also, they 
may modify the rate of reactions through the large 
electrostatic potential at the micellar surface or 
through hydrophobic forces (“micellar catalysis”).’ 
In the course of our search for micellar improvement 
of spectrophotometric and/or fluorimetric analytical 
methods for chromium determination we observed 
interesting micellar effects on the complexation of the 
metal with several hydroxyflavones. In this paper 
we report our studies on chromium complexation 
by different flavonoid dyes in micellar media. 
The reaction between chromium and quercetin in 
micellar solutions of cetyltrimethylammonium bro- 

*Author for correspondence. 

mide (CTAB) is described in detail. The micellar 
effects observed, the reaction mechanism proposed 
and the analytical application to Cr(V1) and 
Cr(V1) + Cr(II1) mixtures are discussed. 

EXPERIMENTAL 

Reagents 

Chromium( VI) stock solution, loo0 pgjml. Dissolve 
1.4144 g of potassium dichromate (previously dried at 140”) 
in water and dilute to volume in a W-ml standard flask. 
Prepare working standard solutions by appropriate dilution 
with water. 

Chromium(III) stock solution, l&N pgcglml. Dissolve 3.85 
g of chromic nitrate enneahydrate in 500 ml of 1% nitric 
acid and standardize by titration. Prepare working solutions 
by appropriate dilution. 

Quercetin solution 2.95 x f@M. Dissolve 100 mg of the 
reagent in 100 ml of ethanol-water (1:l v/v) mixture. 

Cetyltrimethylammonium bromide (CTAB) solution, 2%. 
Dissolve the CTAB in water by gentle warming. Prepare 
solutions of other surfactants [cetyltrimethylammonium 
chloride (CTAC), cetylpyridinium bromide (CPB), tetra- 
decyltrimethylammonium bromide (TTAB), dodecyltri- 
methylammonium bromide (DTAB), sodium laurylsulphate 
(SLS) and Brij 351 in a similar way. 

Solutions of other flavonoid dyes used in the preliminary 
studies were 0.1% and prepared with the surfactant solution 
or in ethanol-water mixtures. All chemicals were of analyt- 
ical-reagent grade and distilled demineralized water was 
used throughout. 

Apparatus 
Spectrophotometric measurements were made with a 

Perkin-Elmer 124 spectrophotometer and absorption spe.c- 
tra were recorded on a Perkin-Elmer 56 recorder. Matched 
l-cm cells were used. A WTW pH-meter, model 391, 
calibrated with Radiometer buffers, was used for all pH 
measurements. 

General procedure 
Transfer into a lO-ml standard flask a known volume of 

chromium(V1) standard solution containing up to 1.3 pg of 
chromium and add 1 ml of 2M sodium acetate/acetic acid 
buffer @H 4.6), 1 ml of 2.95 x lo-‘M ethanolic quercetin 
solution and 1 ml of 1.37 x lo-*M CTAB solution, dilute 
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Table 1. Chemical structure of some flavonoid dyes 

Name Class R, R, R, R; R; R; R; 

Quercetin flavonol OH OH OH H OH OH H 
Fisetin flavonol 

:: o”H :: 
OH OH H 

Myricctin flavonol OH OH OH 
Morin tlavonol OH OH OH OH H OH H 
Apigenin flavone H OH OH H H OH H 
3-Hydroxyflavone tlavonol OH H H H 
Naringenin llavanone H OH C!l H H C% 

to the mark, mix and let stand for about 40 min. Measure 
the absorbance at 440 nm against a reagent blank. 

RESULTS AND DlSCUSSlON 

Complexation of chromium by flavonoid dyes 

Flavonoids are benxo-y -pyrone derivatives, so they 
exhibit a highly conjugated aromatic system (see 
general structure in Table 1). Flavones and flavonols 
(3-hydroxyflavones) differ from flavanones by having 
a C& double bond. 

Flavonoids have been extensively studied as 
reagents for spectrophotometric, fluorimetric and/or 
gravimetric determination of metals and a few non- 
metals.’ Direct analytical methods based on coloured 
or fluorescent chromium complexes with these dyes 
have not hitherto been reported, although indirect 
methods based on the fluorescence quenching of 
some flavonoids have been recently suggested.9 

In view of the solubility enhancement and benefi- 
cial analytical effects provided by micellesiO and the 
fact that most of the flavonoid dyes and their metal 
chelates exhibit rather limited solubility in aqueous 
solution, we have studied spectrophotometrically the 
complexation of Cr(II1) and Cr(V1) in micellar media 

by the several flavonoids summarized in Table 1. 
The results demonstrated that Cr(II1) reacted only 

with quercetin, to form a complex with maximum 
absorbance at 430 nm and pH above ca. 7.5. The 
spectral and analytical characteristics of this complex 
were only slightly improved by the presence of 
cationic micelles, and anionic or non-ionic surfac- 
tants had no effect at all. The complex was not 
fluorescent. On the contrary, the presence of the 
metal quenched the fluorescence of the reagent itself, 
in the presence or absence of surfactant micelles. 

Although micelles in some instances are able to 
increase reaction rates,‘j our results with Cr(III) are 
not surprising considering the inert nature of 
Cr(H,O):+ .’ 

We found, however, that Cr(V1) reacted with 
quercetin, fisetin, myricetin, morin and 3-hydrox- 
ytlavone, forming complexes in aqueous media. Al- 
though we did not observe any wavelength shifts 
when micelles were present, in some cases the metal 
chelates were formed at lower pH value and had 
relatively stronger absorptivities than in water. To 
illustrate this point, some data for the behaviour in 
aqueous and micellar systems are given in Table 2. 

Table 2. Comparison of spectral parameters for chromium-flavonoid dye complexes 
in the absence and presence of micelles 

Absorption Maximum c, 
Cr(VI) system max, nm PH 104 l.mole-‘.cm-’ 

Quercetin 440 7.0 1.35 
Quercetin + CfAB 440 4.6 3.10 

3-Hydroxflavone 430 6.0 0.57 
3-Hydroxyflavone + CTAB 430 6.0 1.70 

Morin 430 4.7 0.83 
Morin + SLS 430 4.5 1.60 
Morin + Triton X-100 430 3.0 1.87 

Fisetin 430 5.2 0.86 
Fisetin + CTAB 430 5.0 1.70 

Myricetin 430 6.0 1.20 
Myricetin + CTAB 430 6.0 2.20 



Complexation of Cr(III) and Cr(V1) with flavones 921 

This table shows that the Cr(VI)-quercetin complex, 
sensitized by CTAB micelles, is the most promising of 
the micellar reactions examined and therefore was 
studied in greater detail. 

Spectral characteristics and optimization of the system 
Cr( VI) -quercetin-CTAB 

Addition of CTAB micelles to the Cr(VI)-quercetin 
complex causes an important increase in absorption 
(sensitized reaction) although the maximum absorp- 
tion wavelength remains at 440 nm (see Fig. 1). The 
aqueous complex exhibits maximal formation at 
around pH 7, but in CTAB micellar medium the 
maximum occurs at pH 4.5-6.5. A pH of 4.6, fixed 
with a 2M acetate buffer, was selected for further 
studies. 

The order of addition of the reagents was not 
critical, and the reaction was slow, the absorbance at 
440 nm increasing steadily with standing time, to 
reach a constant value after 30 min. Absorbance 
measurements were therefore made after 40 min 
standing time. 

The influence of ionic strength on the micellar 
reaction was studied by addition of increasing 
amounts of the buffer solution. A slight decrease in 
absorbance with increase in ionic strength from 0.04 
to 0.60M was noticed. Addition of sodium chloride 
instead of the acetate buffer caused an even more 
noticeable effect. It has been established that high 
ionic strengths may change the critical micelle con- 
centration, the micelle size and the micelle shape,“*” 
and if spherical micelles “grow” into rods and/or 
disks, the solution viscosity increases markedly.13 
These changes in the physical properties of the 
microenvironment of the metal complex in the micelle 
could favour its dissociation. 

Because of its low solubility in water, quercetin was 
used in ethanolic solution. Addition of alcohols to 

0.6 - 

A 0.4 - 

A 
400 500 600 

X (nm) 

Fig. 1. Absorption spectra of the Cr(VI)-quercetin complex 
in presence (- ) and absence (---) of micelles. L_ =440 
nm; pH = 4.6; [Cr(VI)] = 1.92 x 10esM; [quercetin] = 

2.95 x lo-‘M; [CTAB] = 1.35 x IO-‘M. 

1 2 3 

CQuercetinl WT4/u) 

Fig. 2. Influence of dye concentration on the complexation 
reaction at different metal ion concentrations: (a) 
9.6 x 10m6M, (b) 1.92 x 10e5M, (c) 2.88 x 10-SM. Other 

conditions as for Fig. 1. 

micelles is known to influence their properties.’ How- 
ever, experiment demonstrated that even up to 40% 
v/v ethanol did not alter the absorbance of the 
micellar complex. The effect of the quercetin concen- 
tration reaches a plateau at a level that depends on 
the Cr(VI) concentration, Fig. 2. 

E.ect of the micellar media 

The effect of increasing the CTAB concentration 
clearly shows that the observed surfactant sensitiza- 
tion (Fig. 1) is a micellar phenomenon: at surfactant 
concentrations below the critical micellar concentra- 
tion (c.m.c. = 4.7 x lo-‘M),” erratic absorbance 
results were obtained. At concentrations above the 
c.m.c. of CTAB the general trend of metal complex 
stabilization by micelles was observed and the 
absorbance values for a fixed Cr(V1) concentration 
levelled off at high enough micelle concentration. 

The inlIuence of CTAC was similar to that of 
CTAB, showing that the micelle counter-ions had 
little effect on the colour reaction in micellar medium 
(see Fig. 3). On the other hand, the chain length of 
the surfactant had a noticeable influence: Fig. 3 
shows that sensitization starts at around a concentra- 
tion approaching the c.m.c. of the surfactant. 

The effect of the nature of the polar head in the 
surfactant was also investigated, but only marginal 
absorbance changes were observed if a cetylpyri- 
dinium salt was used instead of cetyltrimethylammo- 
nium (see Fig. 3). 

Nature of the micellar reaction 

Chromium(VI), because of its strong oxidizing 
character, could oxidize flavonoids (by opening the 
Y-pyrone ring). To decide whether a redox process 
was involved, quercetin was treated with hydrogen 
peroxide in aqueous solution and the excess of perox- 
ide was removed by gentle warming. The product(s) 
obtained by this oxidation did not react with Cr(V1) 
or Cr(III), in aqueous or in micellar media, at pH ca. 
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I 
c.m.c. H 

. CPB 1.2 x 164 

0 CTAB 4.7 x 1O-4 

A CTAC 1.4 x 1O-3 

0.6 0 TTAB 3.6 ~16~ 

I I I I I 
5 IO IS 20 

Surfactant ( 10m3 Ml 

Fig. 3. Influence of micellar media on the complex forma- 
tion. Other conditions as for Fig. 1. 

5 (after reaction periods of 30 min and 24 hr respec- 
tively). Other experiments indicated that the 
complexation seems to take place only with quercetin 
itself as the ligand, but through a reaction mechanism 
similar to that of the well-known Cr-diphenyl- 
carbazide system:” the Cr(II1) ions in “statu 
nascendi” formed from Cr(V1) during the redox 
process seem to be more reactive towards the dye 
than are the polynuclear hydroxo-complexes or 
hydrated species of chromium(II1). It is important to 
note that only 3-hydroxyllavones produced sig 
nificant reaction with Cr(V1) (see Table 1). A possible 
explanation might be that the 3-hydroxy group is 
necessary to promote the reduction of Cr(V1) to 
generate “active” Cr(II1). 

Stoichiometry of the complex 

The mole-ratio and continuous variation methods 
gave inconclusive results about the metal complex 

Table 3. Tolerance limits* for various ions in the determina- 
tion of 5 pg of Cr(V1) 

Foreign species Ion/Cr ratio,? w/w 

Metal ions 
Li(I), Ca(II), Sr(II), 

Ba(II), MgUI), ZnW), 
Cd(II), Mn(II), Ni(II), 
Pb(I1) 100 

WlIl), AN) 5 

W(VI), Sn(IV), Sb(V), Ti(IV) 1 

Fe(III), Bi(III), Al(III), interfered at all 
Mo(VI), Zr(IV), V(V), Cu(I1) levels assayed5 

Anions 
PO!-. SO;-, BO!-, AsO!-, SiOf- loo 

Criterion: error Q 2s. 
tThe maximum tried was 100. 
$In the presence of 5.5 x 10e5M EDTA, the tolerance ratios 

for Cu(II), Cr(III), Al(II1) and Fe(II1) are 4, 10, 1, 1 
respectively. 

Table 4. Analysis of spiked tap water samples for total 
chromium 

Added, /QJ 
Total chromium 

Sample Cr(II1) WVI) found, pg 

1 - - 0.065 f 0.005 
2 - 3.0 3.15 + 0.01 
3 2.0 1.0 3.00 f 0.0 
4 1.0 2.0 3.00 f 0.0 
5 1.5 1.5 3.15kO.02 

Spiked tap water samples were prepared and analyzed 
within the same working day. Each result is the 
mean f standard deviation (estimated by range method) 
of three replicates. 

stoichiometry. However, the straight-line method of 
Asmus, with three different total chromium(W) 
concentrations, demonstrated that in the absence of 
surfactant at pH 5, Cr(V1) reacted with quercetin in 
a metal:dye molar ratio of 2: 1, and that in the 
presence of micelles this ratio was 1: 1 at low metal 
concentrations and 2: 1 at higher metal concentra- 
tions. These results tend to indicate that reactions 
other than simple complex formation may occur (e.g., 
simultaneous redox phenomena). 

Analytical characteristics 

A linear concentration-absorbance relationship 
was obtained for Cr(V1) concentrations up to 1.3 
pg/ml. The molar absorptivity was 3.1 x lo4 
1 .mole-’ .cm-’ at 440 nm. The relative standard 
deviation for the determination of 0.5 ppm Cr(V1) 
(ten replicates), by the recommended procedure was 
1.4%. The detection limit of Cr(V1) in the final 
solution was 0.015 ppm, calculated on the basis of 
three times the standard deviation of the blank. 

Table 3 shows the results of the interference studies 
done with 0.5 pg/ml Cr(V1): the metal ions that react 
with the dye [Fe(III), Bi(III), Al(III), MO(W), V(V), 
Zr(IV) and Cu(II)] interfered by forming coloured 
complexes at all levels tested. Anions tested could be 
tolerated in relatively large excess. The method has an 
acceptable selectivity, particularly in the presence of 
EDTA (see Table 3) so it was tested for the analytical 
speciation and determination of chromium 
in water: solutions containing known amounts of 
Cr(VI), in the presence of different amounts of 
Cr(III), were analysed by the recommended proce- 
dure. The results indicated that the procedure was 
suitable for samples with Cr(VI)/Cr(III) ratios 
lower than 1: 5, as expected from the interference 
study. 

Because natural waters may contain humic com- 
pounds which interfere in the direct chromium deter- 
mination, tap water samples spiked with Cr(V1) and 
Cr(II1) were analysed for total chromium content 
after oxidation with alkaline hydrogen peroxide. 
Table 4 shows that satisfactory results were obtained 
for total chromium by this procedure. 
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Summar-An improved method for determination of “(‘Pb, “OBi and *“‘PO in both natural waters and 
solid materials has been developed. Polonium-210 is spontaneously plated onto a silver disc from dilute 
hydrochloric acid medium. Bismuth-210 is then electro-deposited onto a platinum gauze cathode directly 
from the same solution, with a graphite rod as anode. Finally, *‘oPb is electrodeposited from a 
fluoroborate medium onto the same platinum gauze, used as the anode. All three nuclides are subsequently 
measured by standard low-level alpha and beta counting techniques. The speed of this method 
(approximately 6 hr per sample after pretreatment) is a distinct advantage over existing techniques, as 2’oBi 
must be quickly separated from *t”Pb because of its 5.02&y half-life. Another advantage of this method 
is that the chemical form of the sample solution is suitable for use of established separation schemes for 
determining other decay-series isotopes (U, Th, Pa, etc.) after the three short-lived nuclides have been 
processed. 

Lead-210 (half-life = 22.3 y), *loBi (half-life = 5.02 also used ion-exchange for separation of lead and 
days) and *“‘PO (half-life = 138 days) are naturally- bismuth in their groundwater study. Although bis- 
occurring radon daughters known to be useful as muth may be quantitatively separated from lead by 
tracers for certain geochemical phenomena. For ex- this method, the procedure is long and tedious, 

ample, Fry and Menon,’ Poet et al.,2 Tsunogai and requiring up to 2 days. MacKenzie and Scott’ demon- 

Fukuda’ and Moore et a1.,4 have estimated atmo- strated that z’“Bi and *“‘PO could be spontaneously 
spheric residence times of aerosols from 2’oBi/2”‘Pb plated onto copper foil from dilute hydrochloric acid 

and 2’oPo/2’oPb activity ratios. These isotopes are also solution, but the method is not strictly quantitative, 
of interest as progeny of environmental radon. because a chemical yield monitor is not added. Sol- 

Harada et aL5 measured *‘OPb, *loBi and *‘OPo in vent extraction techniques were employed by Blais 

Florida groundwater and showed that *“PO occasion- and Marshall,9 who successfully used liquid scintilla- 

ally occurs in great excess relative to its radioactive tion counting to determine *‘OPb in the presence of 

predecessors. Noshkin et aL6 have also measured various amounts of *loBi and *‘OPo, even in samples 

these isotopes in the muscle, liver and bone of fish. with moderate quenching. 
Typically, bismuth is separated from lead by pre- 

cipitation, ion-exchange, electro-deposition or sol- 
vent extraction. Fry and Menon’ and Tsunogai and 
Fukuda’ separated bismuth from lead by precipita- 
tion of bismuth oxychloride from dilute hydrochloric 
acid solution, but small amounts of lead may contam- 
inate the precipitate. Ishimori’ demonstrated that 
ion-exchange is useful for the separation of these 
nuclides, and Poet et al.* applied it to purify bismuth 
separated from lead by precipitation. Harada et al.’ 

*On leave from Laboratory of Analytical Chemistry, 
Faculty of Fisheries, Hokkaido University, Hakodate, 
Japan. 

tTo whom correspondence should be addressed. 

It is necessary that *loBi be separated from *‘OPb as 
soon as possible after sample collection so that the 
*loBi activity can be measured with high precision. 
This is not only because of loss by radioactive decay 
but partly because a significant amount of *loBi is 
produced from its parent, *“‘Pb, in a short time. To 
achieve quick separation of *“Bi from *‘OPb in natural 
materials, we have applied electro-deposition tech- 
niques which Brown” and Lingane” had developed 
earlier for gravimetric determination of bismuth. By 
our improved method, *loBi can be separated from 
*“‘Pb within about 6 hr from the end of pretreatment. 
We have designed our method so that other natural 
decay-series nuclides (uranium isotopes, thorium iso- 
topes, *“Pa, etc.) can also be measured in the same 

925 
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sample solution, if desired, after further treatment by 
an established cation-exchange technique.” 

EXPERIMENTAL 

Apparatus 

A constant-potential stabilized power supply was used to 
control the applied potential for electroplating. A 60-mesh 
cylindrical platinum gauze electrode (45 mm in height and 
35 mm in diameter) was used as an anode for the electro-de- 
position of lead and as a cathode for deposition of bismuth. 
A coil of platinum wire (10 mm in length, 1 mm in diameter) 
was used as the cathode during electro-deposition of the 
lead, and a graphite rod electrode (58 mm in length, 8 mm 
in diameter) as the anode for electro-deposition of the 
bismuth. 

Silicon surface-barrier detectors (Paul Downey & Co. 
Model P450-26NOM) connected to a 16K-channel pulse- 
height analyser (Canberra Series 95) and a low-background 
22 gas-flow proportional counter (Canberra Model 2404) 
were used for low level alpha and beta counting. 

Reagents 

All reagents used were analytical grade. 
Lead carrier. Lead nitrate (23.73 g) was dissolved in 500 

ml of 0.5M nitric acid and gave a final lead concentration 
of 29.69 mg/ml. 

Bismuth carrier. Bismuth nitrate pentahydrate (43.15 g) 
was dissolved in 500 ml of 0.5M nitric acid and gave a final 
bismuth concentration of 37.18 mg/ml. 

Iron carrier. Ferric chloride hexahydrate (48 g) was 
dissolved in 300 ml of 8M hydrochloric acid. The solution 

was purified by extraction of the iron into di-isopropyl ether 
and stripping with doubly demineralized water. To remove 
residual di-isopropyl ether in the aqueous phase, 7 ml of 
concentrated nitric acid were added and the solution was 
heated. The final solution was diluted to 200 ml, resulting 
in an iron concentration of 50 mg/ml. 

Polonium-20 g tracer. A yield tracer, calibrated at two 
concentrations, 18.62 and 186.6 dpm/ml, was prepared in 
0.5M nitric acid. The high-activity tracer was used only for 
work on polonium-enriched groundwater recently discov- 
ered in Florida.s 

Hydroxylamine hydrochloride solution. Hydroxylamine 
hydrochloride (20 g) was dissolved in 100 ml of doubly 
demineralized water. 

Nitric acid-hydrogen peroxide mixture. Hydrogen perox- 
ide (30%, 20 ml) was added to 80 ml of 3M nitric acid. 

Pretreatment 

For solid samples (soil, sediment, etc.), a suitable amount 
of dried sample-is decomposed with 3 ml of concentrated 
nitric acid. 2 ml of 60% nerchloric acid and 1 ml of 46% 
hydrofluoric acid in a Teflon acid-digestion bomb (heated at 
160” for 12 hr) after addition of 1 ml of mPo tracer and 0.5 
ml each of the Fe, Pb, and Bi carriers. The solution is then 
transferred to a 100~ml graphite-bottomed Teflon beaker, 
and heated until fumes of perchloric acid have persisted for 
15 min. 

Immediately upon collection, liquid samples (ground- 
water, sea-water, etc.) are acidified with 20 ml of concen- 
trated nitric acid per litre of sample, followed by addition 
of yield tracers and carriers as above, and vigorous stirring. 
After standing for 6 hr or more to ensure isotopic equi- 
librium, the solution is neutralized with ammonia solution 

Solution from pretreatment 

I 
HCI 

Di-isopropyl ether extraction 

I 

PO spontaneok deposition 
I 

Ag disc 
POI 

1 
a counting Bi electro- deposition 

I 

Pt gauze. cathode 
(Bi) 

c 

NH, 

HNO, 

HCI 

1 
Hydromdes 

I 
HCIO, HF 

I 
BiOCl 

I 
Reprecipitatlon 

I 1 
BlOCI 

I 
B counting 

Fig. 1. Schematic diagram of the analytical procedure. 
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to precipitate ferric hydroxide. The precipitate is collected 
by decantation and centrifugation and dissolved with 2 ml 
of concentrated nitric acid, 2 ml of 60% perchloric acid and 
0.5 ml of 46% hydrofluoric acid. The solution is transferred 
to a lOO-ml graphite-bottomed Teflon beaker with a small 
amount of doubly demineralized water, and treated in the 
same way as the solid samples described above. 

Separation procedure 
A flow-chart of the separation scheme is shown in Fig. 1. 

Fifteen ml of 8M hydrochloric acid are added to the residue 
from the perchloric acid fuming in the pretreatment and iron 
is removed by a single extraction with an equal volume of 
di-isopropyl ether. The aqueous phase is transferred to a 
IOO-ml graphite-bottomed Teflon beaker and heated on a 
hot-plate until the volume is reduced to about 5 ml, then 
diluted to 50 ml with doubly distilled water. Five ml of 20% 
hydroxylamine hydrochloride solution and 50 mg of ascor- 
bic acid are added, the solution is heated to 90” and 
polonium is then spontaneously plated at this temperature 
for 3 hr onto a silver disc (with its back covered by 
electrically conducting tape). The silver disc is washed with 
a few ml of doubly distilled water, then a small amount of 
ethanol, and the activities of 209Po and *“‘PO are measured 
by alpha-spectrometry. 

The. solution is then transferred to a lOO-ml Teflon beaker 
with 30 ml of OSM hvdrochloric acid. After addition of 0.5 
g of hydroxylamine hydrochloride, bismuth is electro-de- 
posited on the platinum gauze cathode at 1.4 V and 60” for 
30 min, with a rotating graphite rod as anode. The mid- 
point of this electrodeposition period is recorded as the time 
of Pb-Bi separation, used for correction of *loBi ingrowth or 
decay since sample collection. Bismuth is stripped from the 
platinum cathode with a few ml of concentrated nitric acid 
and the cathode is washed with a small amount of doubly 
demineralized water. The solution is evaporated to dryness 
and the residue dissolved with 30 ml of 1M nitric acid. The 
solution is brought to the boil and 5M ammonia solution is 
carefully added until a faint opalescence appears. Bismuth 
oxychloride is precipitated by addition of 2-3 ml of 0.2M 
hydrochloric acid, and aged by heating until the supematant 
solution is completely clear. The precipitate is collected by 
centrifugation, washed with hot water, dissolved in 1M 
nitric acid and reprecipitated. Since some lead may still be 
present (to prevent loss of bismuth we found it better not 
to wash the electrode after the electrodeposition), the super- 
natant solution and washings from the bismuth oxychloride 
precipitation are combined with the lead fraction and saved 
for *i”Pb determination. We have found the renrecidtation 
to be very important for complete purifi&ion- of the 
bismuth oxychloride precipitate, especially when other beta- 
emitting nuclides are present. The bismuth oxychloride 
precipitate is collected on a preweighed Gelman GAdS filter 
(pore size 0.45 pm, diameter 25 mm) and washed with a 
small amount of hot water and ethanol. The filter is dried 
at 60” to constant weight. 

The lead fraction is heated with 5 ml of concentrated 
nitric acid and 5 ml of 30% hydrogen peroxide until all 
reducing agents present are completely oxidized. AAer 
addition of 10 mg of iron carrier, ferric hydroxide is 
precipitated by adjusting the pH to 8 with ammonia solu- 
tion, The precipitate is collected by centrifugation and 
dissolved with 2 ml of 60% perchloric acid and 1 ml of 
concentrated nitric acid. This solution is transferred to a 
graphite-bottomed Teflon beaker and treated to provide a 
fluoroborate matrix that is suitable not only for electroplat- 
ing the lead, but also for cation-exchange separation of 
uranium, thorium and protactinium. The solution is heated 
until fumes of perchloric acid appear, and after cooling the 
beaker is weighed. A few ml of concentrated nitric acid are 
added, and the solution is heated on a hot-plate until fumes 
of perchloric acid have persisted for 20 min. After cooling, 
the beaker is weighed and perchloric acid is added to make 

up the weight loss. At this point, 0.5 ml of 46% hydrofluoric 
acid is added and the solution is transferred to a standard 
lOO-ml Teflon beaker with doubly demineralized water and 
diluted to 40 ml. If further analysis for actinides is desired, 
the solution is heated for about 7 hr to break down 
aluminimn fluoride complexes. Free fluoride ions are re- 
quired for proper operation of the ion-exchange procedures 
of McCabe et al.‘* for separation of uranium, thorium and 
protactinium. The final step in the preparation of the sample 
matrix is the addition of l-2 g of boric acid, to solubilize 
insoluble fluorides. Lead is then electro-deposited as the 
“dioxide” on the platinum gauze anode at 2.3 V and 60” for 
45 min, with a platinum coil as cathode. The electrode is 
washed with a small amount of doubly demineralized water, 
then the lead dioxide on the platinum gauze anode is 
dissolved with nitric acid-hydrogen peroxide mixture and 
the solution is evaporated to dryness. The residue is dis- 
solved with 30 ml of 1M nitric acid, 30 ml of saturated 
sodium sulphate solution are added, and the pH is adjusted 
to 2-3. After aging by gentle heating on a hot-plate, the lead 
sulphate precipitate is collected on a preweighed Gelman 
GACS filter and washed with a small amount of doubly 
demineralized water and ethanol. The precipitate is dried at 
60” to constant weight. The chemical yields of the bismuth 
and lead are determined gravimetrically by weighing the 
bismuth oxychloride and lead sulphate precipitates. The 
beta activity due to *loBi is counted immediately for the 
BiOCl source and after 3-4 weeks ingrowth period for the 
WSO, source. 

RESULTS AND DISCUSSION 

Spontaneous plating of polonium 

To separate *l”Po from the other nuclides and make 
a suitable counting source for alpha spectrometry, we 
used a somewhat modified version of the method 
described by Flynn. I3 The small amount of perchloric 
acid which remains in the polonium plating solution 
does not interfere with the spontaneous deposition 
(cementation). The chemical yields are generally bet- 
ter than 90%. We used 1 -in diameter silver discs with 
their backs covered with electrically conducting tape, 
in loo-ml graphite bottomed Teflon beakers instead 
of using a specially designed plating cell. 

Electra -deposition of bismuth 

During the developmental work, we established 
the optimum conditions for electro-deposition of 
bismuth from dilute hydrochloric acid, by adding a 
known amount (18.59 mg) of Bi3+ to various conoen- 
trations of hydrochloric acid and electro-depositing 
the bismuth at various voltages and 60” for 30 min 
(Fig. 2a), stripping the bismuth from the electrode 
with concentrated nitric acid, and determining it by 
a standard calorimetric technique.14 The deposition 
of bismuth on the platinum gauze cathode was 
practically constant from 0.5-l SM hydrochloric 
acid, but depended markedly on the voltage applied 
across the cell; there was no detectable plating out of 
bismuth at below 1.2 V. The average recoveries at 
applied voltages > 1.4 V were at least 94.0%. This 
was thought to be a minimum figure because there 
was some loss of bismuth from the cathode, caused 
by an uneven bismuth coating due to the evolution of 
hydrogen during the plating. Although small 
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Table 1. Analytical results for standard materials; all activities in dpm/g f 1 
standard deviation (based on counting statistics) 

EPA EPA 
Climax Composite 

Isotooes This work Certified value This work Certified value 

2”?b 707 f I 696 rf: 14 1034 f 7 1010+20 
21OBi 703 f 3 - 1029 f 10 - 
2’OPo 704*10 - 1030 f 12 - 

i.jLk=> 

I 
f 

. 0.m 

. l.OM 

: l l.SM 

60 

0 I I I 
0.0 1.0 1.2 1.4 1.6 1.6 

Applied voltoga 

Fig. 2. Effects of applied voltage on the recovery of bismuth 
by electro-deposition for 30 min: (a) from 0.5, 1.0 and l.SM 
HCI; (b) from O.SM HCl with 50 mg of ascorbic acid, 1.5 
g of hydroxylamine hydrochloride and small amounts of 

nitric acid. 

amounts of nitric acid, added as a cathodic depolar- 
izer to prevent evolution of hydrogen, ameliorated 
this situation, we still noted loss of bismuth if the 
electrode was washed. 

Table 2. Activities of 2’0Pb, *loBi and *‘?o for 3 samples of 
groundwater from station 18, a shallow well in Hillsborough 
County, Florida; A and B are duplicate samples; all activi- 
ties are in dpmfl f 1 standard deviation (based on counting _ 

Collection date 

statistics) 

*Vb” *lOBi r’%t 

154.88 A 0.382 f 0.065 16.4 & 0.6 1350 k 16 
B 0.358 f 0.058 15.4 f 0.3 

30.6.88 A 0.521 f 0.076 15.5 f 0.2 1320 f 18 
B 0.420 f 0.056 15.7 f 0.2 

15.7.88 A 0.483 f 0.077 16.1 f 0.4 1312 f 32 
B 0.399 &- 0.069 14.6 f 0.2 

*Corrected for ingrowth from “Bn. 
tSmaller subsamples were analysed separately for polonium 

because of the extremely high activity encountered at 
this station.’ 

Because of the need to add hydroxylamine hy 
drochloride and ascorbic acid to the sample solutions 
for plating out the polonium, we also tested bismuth 
recoveries from solutions which contained 50 mg of 
ascorbic acid, 1.5 g of hydroxylamine hydrochloride, 
and a few drops of concentrated nitric acid (Fig. 2b). 
We found that recoveries at > 1.4 V were consistently 
greater than 98%, but those at cl.3 V were very 
variable, with essentially no bismuth plated out at 
~0.9 V. On the other hand, a small amount of lead 
was deposited with bismuth at > 1.8 V. Although we 
do not understand the reason for the variability in 
recovery at < 1.3 V, it is clear that these reducing 
agents do not interfere with the bismuth deposition at 
> 1.4 V. Furthermore, the addition of nitric acid 
eliminates the problems associated with hydrogen 
evolution. Under the stated conditions, the bismuth 
yields are generally about 85%. 

Electro-deposition of lead 

Lead-210 was separated from other nuclides by a 
modified version of the method of Lingane15 and 
Matsumoto and Wong. I6 In’ our method, lead is 
electro-deposited as the “dioxide” on a platinum 
gauze anode from a mixture of acids in a fluoroborate 
medium which is also suitable for subsequent cation- 
exchange separation of uranium, thorium and protac- 
tinium. ‘* 

Analytical results for natural materials 

We used standard reference materials supplied by 
the U.S. Environmental Protection Agency (Environ- 
mental Monitoring Systems Laboratory, Las Vegas, 
NV), viz. “Climax Mill Tailings” and “Composite 
Sand Tailings” for determination of *‘0pb, **“Bi and 
*“‘PO. The results (Table 1) show that our values 
agreed with the certified values (*loBi and *I% are 
assumed to be in secular equilibrium with *‘Qpb) 
within 1 standard deviation. 

We also applied the method to the study of Florida 
groundwater (Table 2). The results were in good 
agreement with earlier analyses for these isotopes by 
Harada et aL5 by use of ion-exchange techniques. The 
source of the extremely high excess of *‘oPo in these 
surface groundwaters is being further investigated in 
our laboratory.sv’7 
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!%mmary-The dissociation constants of protonated 1,3,7-trimethylxanthine (caffeine), l,Zdihydro- 
l ,S-dimethyl+ I-methylethyl)-2-pheyl-3H-pyrazol-3-one (propyphenazone), 3,3_diethyL2,4dioxotetra- 
hydropyridine (pyrithyldione), N-(4-ethoxyphenyl)acetamide (phenacetin) and N-(rl-hydroxyphenyl)- 
acetamide (paracetamol) have been determined by spectrophotometric measurements made over the range 
of hydrogen-ion concentration from Ho-8 to PH 16. The values obtained were: caffeine, pK, -0.11 f 0.05; 
propyphenazone, pK, 0.91 f 0.02; pyrithyldione, pK, -3.75 f 0.05, pK, 11.56 f 0.05; phenacetin, pK, 
- 1.35 f 0.03, pK, _ 15-16; paracetamol, pK, - 1.71 f 0.04, pK, 9.68 f 0.06. In basic solution caffeine 
was unstable and at pH 14 decomposed with a half-life of 54.6 min. 

“Saridon” (“Galenika” or Hoffman La Roche), a 
combination of analgesic and antipyretic substances 
with a small quantity of 1,3,74rimethylxanthine 
(caffeine), is used for rapid relief of pain. The active 
components of an earlier “Saridon” formulation were 
caffeine, 1,Zdihydro-1,5-dimethyll(l-methylethyl)- 
2-phenyl-3H-pyrazol-3-one (propyphenazone), 3,3- 
diethyl-2,4_dioxotetrahydropyridine (pyrithyldione) 
and N-(4-ethoxyphenyl)actamide (phenacetin). The 
new formulation contains caffeine, propyphenazone 
and N-(4-hydroxyphenyl)acetamide (paracetamol). 
Since some formulations were made with an inter- 
mediate containing two components (propyphena- 
zone and pyrithyldione), our first aim was to examine 
the possibility of simultaneous spectrophotometric 
determination of both components in the inter- 
mediate and of one or more components in the 
tablets. According to the literature, the chances of 
success seemed slight, but it was evident that not all 
five substances had been completely spectrally 
defined. Also, the dissociation constants of their 
protonated and neutral forms had not been fully 
determined, and the available literature data 
referred mostly to the pH region.‘-3 We therefore 
decided to investigate these five compounds spectro- 
photometrically over a wide range of hydrogen-ion 
activities, including the strongly acid and alkaline 
regions, expressed as the Ho and PH functions, 
respectively. The results obtained enabled us to deter- 
mine the dissociation constants of the protonated 

*TO whom correspondence should be addressed. 

compounds, and hence to characterize spectrophoto- 
metrically the neutral and ionic forms of the com- 
pounds and to identify the protonation and the 
dissociation sites. 

EXPERIMENTAL. 

All the substances investigated were commercial products 
and satisfied pharmaceutical requirements for purity. Sul- 
phuric acid, sodium hydroxide and all other chemicals were 
of analytical grade. Solutions were prepared with doubly 
demineralized water. 

The concentrations of the stock and test solutions were 
2 x 10m3 and 8 x 10esM, respectively. Test solutions were 
prepared immediately before measurement. 

B&on-Robinson buffed (O&M) was used over the pH 
range 2-l 1 (measured with an ISKRA MA 5705 pH-meter). 
The Hamme@’ acidity (Ho) and Schwarzcnbach* basicity 
(PH) functions were used for characterization outside the 
pH region. 

Stability in solution was examined first and further 
investigation was made only under conditions in which 
the substance remained unchanged for 30 min at room 
temperature. 

Absorption spectra of the aqueous sample solutions at 
various different Ho, pH or PH values were recorded at 
room temperature with a Shimadzu UV-260 spectro- 
photometer and l.OO-cm path-length silica cells. 

The dissociation constants were determined from the 
changes in the ultraviolet absorption spectra as a function 
of hydrogen-ion activity. 

The spectrophotometric measurements were weds*s+9Jo to 
calculate the pK, values from the equation 

PK, = log([BH: U[BHl) + H, 

where [BH:] and [BH] are the concentrations of the proto- 
nated and neutral forms, respectively. The corresponding 
constants (PK,) for dissociation of the neutral forms were 
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Fig. 1. (a) Absorbance of caffeine (8 x 10e5M) at 272 MI as 
a function of Ho and PH. (b) Absorption spectra of caffeine 
species (c = 8 x 10e5M): (---) protonated (H, -2.7) and 

(-) neutral @H 2.0). 

obtained from 

PK, = loN-W[gI) + PH 
or 

PK, = hWBI/PI) + PH. 

RESULTS AND DISCUSSION 

The results are symmarized in Table 1 along with 
the literature data available. The necessary spectral 
data are given in Figs. l-6. 

Cafleine 

Solutions are stable from Ho -7.5 to pH 13. The 
literature valueP6 for pK, of protonated caffeine 
vary from 0.16 to 3.6. Our value is -0.11 f0.05 
(Table 1, Fig. 1). Caffeine and the related com- 
pounds 3,7dimethylxanthine (theobromine),15 l-hexyl- 
3,7-dimethylxanthine (pentifylline),’ 3,7-dimethyl-l- 
(5-oxohexyl)xanthine (oxpentifylline),’ 1,3-dimethyl- 
xanthine (theophylline),15 ‘I-(Zhydroxypropyl)1,3-di- 
methylxanthine (proxyphylline)‘, 7-(Zhydroxyethyl)- 
1,3-dimethylxanthine (etofylline)‘, l-, 3-, and 7- 
methylxanthine, I7 1,7-dimethylxanthinel* and others, 
have one basic centre-a heterocyclic nitrogen atom 
in an imidaxole ring. The dissociation constants (pK,) 
of their protonated forms have heen determined only 
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A 0.: 

I I 1 
240 280 320 

X (nm) 

Fig. 2. Absorption spectra of 1 x IO-‘M caffeine at pH 14 
as a function of time. 1, immediately; 2, 14 min; 3, 38 min; 
4,42 mm; 5, 56 mm; 6, 70 min; 7, 91 min after dissolution. 

Propyphonarm 
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Fig. 3 (a) Absorbance of propyphenazone (8 x lo-‘M) 
at 237 nm as a function of H, and pH. (b) Absorption 
speotra of propyphenazone (c = 8 x 10e5M) species: (---) 

protonated (& -2.9) and (-) neutral @H 4.2). 

Pyrithyldlme 

(a) 
PKI m-3.75 r: 0.05 pK, =11.56 + 0.06 

1 336nm 364 nm 
1.0 

0.8 
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(b) iio~ WpH 
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A 0.5 - 

240 280 320 360 400 
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Fig. 4. (a) Absorbance of pyrithyldione (8 x 10-5M) at 336, 
306 and 364 nm as a function of H0 and pH. (b) Absorption 
spectra of pyrithyldione (c = 8 x IO-“M) species: (---) 
protonated (H, - SS), (-) neutral (pH 2.0) and (-.-) 

dissociated @H 13). 

for some of these compounds (theobromine1s 0.11, 
oxpentifylline’ 0.3, theophylline15 0.27). On the basis 
of our results, the values for all the others should be 
around zero. The piu, value for caffeine, which con- 
tains a bicyclic system, is about 6 units lower than 
that (11i.95)‘~ of imidaxole. This is in agreement with 
the enhanced acidity of theophylline (8.6)” compared 
to imidazolelg (14.2). 

According to our observations, caffeine has no 
dissociable hydrogen atom, and the literature 
value’**i+15*‘6 for pXr, N 14 is not correct, and is prob- 
ably due to misinterpretation of the experimental 
data of Mattoo et aLI In agreement with Mattoo et 
~1.‘~ and Bergmann and Dikstein’* we have found 
that caffeine solutions are unstable at pH > 12. The 
half-life in its degradation reaction, tliz = 54.6 min, 
was calculated for this irreversible process at pH = 14 
(Fig. 2). In basic solutions caffeine is converted into 
caIIeidine carboxylic acid.” 

Propyphenazone 

Solutions are stable from Ho -7.5 to pH 14. 
The pK, value obtained, 0.91 f 0.02 (Table 1, Fig. 3) 
is in accordance with the literature data for related 
compounds? 1,2-dihydro-1,5-dimethyl-2-phenyl-3Zf- 
pyrazol-3-one (antipyrine), pK, = 1.40, and 2,3,4-t+ 
methyl-1-phenyl+pyraxole, pK, = 1.24. According 
to the literature? the protonation site for antipyrine 
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(a) 
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0.2 
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Fig. 5. (a) Absorbance of phenacetin (8 x 10TsM) at 245 nm 
as a function of H,, pH and PH. (b) Absorption spectra of 
phenacetin (c = 8 x lo-‘M) species: (---) protonated (H, 

-3.8) and (-) neutral @H 2.0). 

is an oxygen atom but in our opinion the site may be 
a nitrogen atom. 

Pyrithyldione 

Solutions are stable from H, > -5.5 to pH 13.5. 
The results obtained are given in Table 1, Fig. 4. 
The dissociation is accompanied by a large red-shift 
(58 nm) due to delocalixation of electrons. 

Phenacetin 

Solutions are stable from H, > - 6.4 to PH 15. 
The pK, value obtained, - 1.35 + 0.05 (Table 1, 
Fig. 5), is close to that given by Giffrey and Connor,*’ 
but deviates from some other literature values’*“j by 
as much as 3.55. However, for the closely related 
compound N-phenylacetamide (acetanilide), the pK, 
value” of - 1.62 is similar to ours for phenacetin. 
Also, the protonation of phenacetin should be easier 
than that of acetanilide because of the resonance 
effect of the p-ethoxy group. This conclusion is 
supported by the influence of a p-methoxy group on 
the pK, value for benxamide, (a shift of 0.36 in pK,)*” 
which is similar to the effect of the ethoxy group. On 
this basis it can be concluded that the literature 
value’*i6 of 2.2 for pK, of phenacetin is too high. 

Since phenacetin is unstable at PH > 15 its pK2 
value of N 15-16 is only an estimate. 

Pamwtomol 

(a) NH.COXH, 

pK,=-1.71 f. 0.04 pK2 = 9.66 + 0.06 

1.0 t 

OH 

242 nm 256 nm 
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I I I I I I I I I 1, 
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Fig. 6. (a) Absorbance of paracetamol (8 x 10e5M) at 242 
and 256 nm as a function of H,, and pH. (b) Absorption 
spectra of paracetamol (c = 8 x 10w5M) species: (---) pro- 
tonated (H, -3.1), (-) neutral (PH 2.0) and (-*-) 

dissociated (PH 13). 

Paracetamol 

Solutions are stable from H, -6.4 to PH 15. The 
pK, and pK2 values obtained (Table 1, Fig. 6) agree 
with the literature data.‘-3*2’ 

CONCLUSIONS 

Three of the five compounds investigated contain 
a -CONH- group which is the centre of their 
basicity and acidity. This group is endocyclic in 
pyrithyldione and its presence makes this compound 
a weaker base and stronger acid than phenacetin 
and paracetamol, which have the same group in an 
exocyclic position. 

Caffeine has one basic centre, a heterocyclic nitro- 
gen atom in an imidaxole ring. In alkaline medium 
this compound is not dissociated but degraded. 

For propyphenaxone, the centre of basicity seems 
to be a nitrogen atom rather than an oxygen atom, 
as suggested by pK, = 0.91. For the protonated 
-CONH- group pK, is about -2, whereas for 
protonated oxygen atoms the pK, values approach 
-6. 

Protolytic processes were identified and defined by 
observing spectral changes as a function of acidity 
change in both directions (from acidic to basic and 
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vice versa). Other processes such as degradation, 8. G. Schwarzenbach and R. Sulzberger, Hefu. Chim. Acru, 
1944,27,348. 

9. 
association etc. were excluded. 

Finally, it should be pointed out that the possibility 
of simultaneous spectrophotometric determination of 
the components in “Saridon” is limited. Both compo- IO, 

11, 

J. Kol&off and P. Elving, Treatise on Analytical 
Chemistry, 1st Ed., Part I, Vol. 5, p. 2983. Interscience, 
New York, 1964. 
A. Muk and R. Radosavljevik, Croat. Chem. Acta, 1967, 
39, 1. 
A. Martin, J. Swarbrick and A. Cammarata, Physical 
Pharmacy, 3rd Ed., pp. 192, 193. Lea and Febiger, 
Philadelphia, 1983. 
A. Turner and A. 0~01, J. Am. Pharm. Assoc. Sci. Ed, 
1949, 38, 158. 
B. Mattoo, P. Pai and R. Krishnamurthy, Indian J. 
Chem., 1977, lSA, 141. 
F. Bergmann and S. Dikstein, J. Am. Chem. Sot., 1955, 
77, 691. 
The Merck Index, 10th Ed., M. Windholz (ed.), Merck, 
Rahway, 1983. 
K. Evstratova, N. Goncharova and N. Solomko, 
Farmatsiya, 1968, 17, No. 4, 33. 
H. Taylor, J. Chem. Sot., 1948, 765. 
A. Ogston, ibid., 1935, 1376. 
A. Katritzky, Fizicheskie metody v khbnii geterotsiklich- 
eskikh soedinenii, p. 109. Khimiya, Moscow, 1966. 
A. Katritzky and F. Maine, Tetrahedron, 1964, Zo, 
299. 

nents of the intermediate of the earlier formulation 
can be determined simultaneously, and pyrithyldione 
directly in the tablet. As each of these compounds can 
be a constituent of many other drugs, its simul- 
taneous determination with some other component(s) 
is possible. 

Knowledge and use of pK values is especially 
important for such purposes as selection of optimal 
conditions for synthesis, isolation and purification, 
and involves pharmaceutical technology, pharmaco- 
kinetics, clinical medicine, etc. 
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TWO- AND THREE-WAVELENGTH LASER 
MULTIPHOTON IONIZATION FOR HIGHLY SENSITIVE 
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Summary-Novel two- and three-wavelength laser multiphoton ionization techniques for highly sensitive 
detection in solution have been established. The photocurrent signal obtained for benzo[u]pyrene by 
irradiation at 355 nm in n-heptane was effectively enhanced by additional simultaneous irradiation at 532 
and/or 1064 nm. The additional irradiation at 532 nm (5 ml) doubled the signal-to-noise ratio, while that 
at 1064 nm (30 mJ) increased it 5.5-fold relative to that obtained when only the 355 nm radiation was 
used. The simultaneous action of 355, 532 (5 ml) and 1064 (25 ml) nm radiation further improved the 
S/N ratio; the detection limit was as low as 1.9 x lo-iOM. The 532 nm radiation enhanced the 
photocurrent signal more effectively than did the 1064 nm radiation. 

The laser multiphoton ionization technique, i.e., de- 
tection by means of the photocurrent signal generated 
by the action of single-wavelength laser radiation, 
has proved powerful for the trace determination of 
organic molecules in solution.‘” Non-polar alkane 
solvents in particular show extremely low leakage 
currents2 and give considerably higher detection sen- 
sitivity than polar solvents. The photocurrent signal 
correlates with the one-photon absorption spectrum 
of a molecule and the blank signal substantially 
increases with decreasing excitation wavelength be- 
low about 400 nm.‘** Thus, the use of an intense laser 
at a relatively longer wavelength for substances with 
a larger molar absorptivity (especially at around 400 
nm) will improve the detection sensitivity until satu- 
ration effects’ become significant. 

In solution, photoionization of a molecule initially 
produces a geminate cation-electron pair, which 
either recombines to form the parent molecule or 
escapes as a cation and an electron as charge carriers. 
In alkane solvents, most of the geminate pairs recom- 
bine very quickly,‘O*” and the quantum yield of the 
charge carriers is extremely 10w.l~ Since the photocur- 
rent signal depends on the number and the mobility 
of the charge carriers,2 increase in the quantum yield 
of charge carriers from the geminate pairs as well as 
increase in the mobility of the charge carriers must be 
an important key to improving the detection sensitiv- 
ity in this technique. 

The mobility of electrons in non-polar alkane 
solvents such as n-hexane is considerably higher than 
that in polar solvents such as ethanol.” Recently, the 
co-operative action of 341 and 694 nm laser radiation 
with 30 nsec duration at relatively lower tempera- 
tures,14.15 or 351 (355) and 1053 (1064) nm laser 

*Author to whom correspondence should be addressed. 

radiation with 6-35 psec duration at room tempera- 
ture”.” was found to give a larger photocurrent 
signal than that when the 347 or 351 (355) nm laser 
radiation acted alone; the results were attributed to 
an increase in the dissociation of geminate pairs into 
charge carriers, caused by the photoexcitation of the 
electrons of the geminate pairs by the 694 or the 1053 
(1064) nm laser radiation.‘0*“*‘4*‘s Quite recently, even 
the simultaneous action of 355 (W) and 1064 nm 
(IR) laser radiation with 10 nsec duration at room 
temperature was found to considerably enhance the 
photocurrent signal compared with that when the W 
radiation acted alone.16 

In the present study, the simultaneous action of 
UV and 532 nm (VS) laser radiation with 10 nsec 
duration enhanced the photocurrent signal generated 
by the action of the W radiation. Furthermore, the 
simultaneous action of UV, VS and IR radiation 
substantially enhanced it further. 

EXPERIMENTAL 

Apparatus 

The experimental apparatus was almost identical with 
that used previ~usly.‘~ An Nd:YAG laser (Quantel 
YG580A, pulse duration 10 nsec, repetition rate 5 Hz) was 
used as excitation source; fundamental (1064 nm), second 
(532 nm) and third harmonic (355 nm) lasers were used as 
the sources of IR, VS and UV radiation. Configurations for 
two-wavelength (combination of UV and VS or UV and IR 
radiation) and three-wavelength (combination of W, VS 
and IR radiation) experiments are shown in Fig. 1. The UV 
radiation for the experiments was emitted from exit A (Fig. 
1). In the two-wavelength experiments, V’S, IR, and weak 
UV radiation (denoted by UV’ in Fig. 1) emitted from exit 
B were separated by a prism P, and either the VS or the IR 
radiation was picked up for use by rotation of the prism 
(Fig. la). The W radiation from exit A and the VS or the 
IR radiation from exit B were then combined collinearly by 
a dichroic mirror D after passing through holes 3.5 mm in 
diameter (Fig. la). In the three-wavelength experiments, the 

931 
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(a) 

(b) 

Fig. 1. Configurations for (a) two-wavelength combination 
of UV and VS radiation, (b) three-wavelength multiphoton 
ionization experiments: P, prism; D, dichroic mirror; M, 

mirror; S, hole. 

dichroic mirror D reflected away the unwanted weak UV 
radiation from exit B (UV’) in order to keep the UV 
radiation power constant during each measurement, and at 
the same time transmitted both the VS and the IR radiation; 
it then combined the UV radiation from exit A and the VS 
and IR radiation from exit B (Fig. lb). The laser pulse 
energy was measured with a calorimeter (Photon Control 
Model ZSV-VS); its fluctuation was about 10% during 
measurements. 

The laser beams, focused by a quartz lens (focal length 6 
cm), irradiated the solution between the electrodes of the 
photoionization cell. I6 The electrode spacing and the bias 
voltage were 0.2 cm and - 1 kV, respectively. The photoion- 
ization cell was placed at a slightly defocused position in the 
laser beam in order to avoid damage at the quartz/liquid 
interface and cavitation due to breakdown phenomena near 
a focal point. 

Reagents 
Benxo[a]pyrene (reagent grade, Nakarai Chemicals) and 

n-heptane (liquid chromatographic grade, Kishida Chemi- 
cals) were used as received. Sample solutions were freshly 
prepared from a stock solution (5 x lo-‘M). The analysis 
of the photocurrent signal and determination of the detec- 
tion limit (S/N = 3) were described earlier.8*‘6 

I InA --- PcIuv+vs) 

--- PCIUV) A 
Fig. 2. Typical changes of the photocurrent signal of 
benzo[alpyrene (3 x 10-9M) (a) and the blank (b) in 
n-heptane, induced by the additional action of the VS 

radiation. 

lWSLJLTS AND DISCLJSSION 

Both two- and three-wavelength photoionization 
experiments have been investigated for more than ten 
aromatic compounds at a constant concentration of 
10m6M. All the compounds and the solvent showed 
appreciable photocurrent and blank signals when 
only the W radiation was used, but not when only 
the VS and/or the IR radiation acted. Since the 
photocurrent signal for benzo[u]pyrene was substan- 
tially enhanced by the additional action of the VS or 
IR radiation, this compound was used as the model 
species in the present study. 

Combination of UV and VS radiation 

Figure 2 shows typical changes of the photocurrent 
signal for benzo[u]pyrene (3 x 10m9M) and the blank 
in n-heptane medium, caused by the additional action 
of the VS radiation; the laser pulse energies used are 
listed in Table 1. The photocurrent signal generated 
by the action of the W radiation, PC(W), was 
increased considerably by the additional action of 
the VS radiation; this is denoted by PC(W + VS) in 
Fig. 2a, whereas the blank signal increased only 
slightly (Fig. 2b). The S/N ratio was 15 for the 
combined action of the UV and VS radiation, but 
only 8 for the action of the UV radiation alone. 

Table 1. Laser pulse energies used in the excitation of 3 x 10e9M 
benxo[a]pyrene and n-hexane 

Laser pulse energy, mJ 

Radiation system 355 nm (UV) 532 nm (VS) 1064 nm (IR) 

uv+vs 2 5 
UV+IR 1.8 30 

UV+VS+IR 1.9 5 25 
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Fig. 3. Typical changes of the photocurrent signal of 
benzo[olpyrene (3 x IO-‘M) (a) and the blank (b) in 
n-heptane, induced by the additional action of the IR 

radiation. 

Combination of UV and IR radiation 

Typical changes of the photocurrent signal for 
benzo[a]pyrene (3 x 10-‘&f) and the blank in n-hep- 
tane, caused by the additional action of the IR 
radiation, are shown in Fig. 3; the laser pulse energies 
are listed in Table 1. The photocurrent signal PC(W) 
was increased substantially by the additional action 
of the IR radiation; it is denoted by PC(UV + IR) in 
Fig. 3a. Again the blank signal increased only slightly 
(Fig. 3b). The S/N ratio was 50 for the simultaneous 
action of the UV and IR radiation, and 9 for the 
action of the UV radiation alone. 

Combination of WV, VS and IR radiation 

Figure 4 shows typical changes of the photocurrent 
signal for benzo[a]pyrene (3 x 10-‘M) and the blank 
in n-heptane, caused by the combined action of the 
VS and IR radiation, with the laser pulse energies 
summarized in Table 1. The additional action of both 
VS and IR radiation further enhanced the photocur- 
rent signal PC(UV), as shown in Fig. 4a [where it is 
denoted by PC(UV + VS + IR)], and the blank signal 
was approximately doubled (Fig. 4b); the S/N ratio 
was 55 for the action of the three laser radiations, and 
9 for the action of the UV radiation alone. The 
simultaneous action of the three laser radiations gave 
the highest S/N ratio; log-log calibration plots were 
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Fig. 4. Typical changes of the photocurrent signal of 
benzo[u]pyrene (3 x 10e9M) (a) and the blank (b) in 
n-heptane induced by the additional action of both the VS 

and IR radiation. 

linear in the 0-IO-sA4 range and the detection limit 
(S/N = 3) was calculated to be 1.9 x lo-“M. 

Effects of laser power 

The increase in photocurrent signal produced by 
the additional action of the VS or IR radiation, 
viz. APC , = PC(UV + VS) - PC(UV) or APC2 = 
PC(UV + IR) - PC(UV), was larger for higher en- 
ergy of the VS or IR radiation. Figure 5 shows the 
effects of the VS and IR radiation power on the 
relative increases in the photocurrent signal of 
1 x lO-‘jM benzo[a]-pyrene, denoted as APC,/ 
PC(UV) and APC,/PC(UV). The VS radiation en- 
hances PC(UV) more effectively than the IR radia- 
tion does, if the comparison is made in terms of 
identical photon flux. 

Addition of perfluorohexane, a known electron 
scavenger but poor ‘excited-state quencher,” reduced 
PC(UV + VS) more effectively than PC(UV + IR), at 
identical photon flux of the VS and IR radiation, 
whereas PC(UV) was reduced less effectively. It is 
suggested that the IR radiation acts through the 
electron of the geminate pair rather than through the 
excited neutral parent molecule.” However, it is not 
at present apparent whether the VS radiation acts 
through the geminate pair or the excited neutral 
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Laser pulse energy at 532 (1054)nm. mJ be necessary. Further physicochemical and analytical 
0 N2.5) lO(5) studies are now in progress. 
I I I I 

o.oI 
Phatan flux , x a’6 phatons /pulse 

Fig. 5. EtTects of the VS and IR radiation power on the 
increase in the photocurrent signal of benzo[a]pyrene 
(1 x 10m6M) in n-heptane, where the UV pulse energy is 2 

mJ: 0 PC,/PC(Uv); 0 APC*/PC(UV). 

parent molecule. In any case, higher VS radiation 
power should further improve the detection sensitivity 
in multiphoton ionization spectrometry in solution. 

The present study has demonstrated that 532 and 
1064 nm laser radiation effectively enhances the 
photocurrent signal induced by irradiation of a solute 
at 355 nm. Hence the Nd:YAG laser is very useful 
for highly sensitive multiphoton ionization detection, 
since it can generate UV, VS and IR radiation 
simultaneously and &linearly, and the troublesome 
separation of these three types of radiation may not 
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Smmnary-Two sensitive spectrophotometric methods for the determination of imipramine hydrochlo- 
ride, clomipramine hydrochloride, desipramine hydrochloride, and trimipramine maleate in bulk and in 
dosage forms are described The first method is based on the interaction of diazotized p-nitroaniline 
(DPNA) with the dibenzazepine drug in 5M hydrochloric acid. The second is based on the oxidative 
coupling of the dibenzazepine drug with 3-methylbenzothiazolin-2-one hydrazone (MBTH) in the presence 
of ammonium iron(II1) sulphate in O.lM hydrochloric acid. The resulting chromophores are measured 
at 575 nm (for the DPNA method) or at 620630 nm (for the MBTH method), and are stable for at least 
24 hr. The commonly encountered excipients and additives do not interfere with the determinations. 
Results from the analysis of pure drugs, commercial tablets and laboratory-prepared tablets by these 
methods agree well with those of official methods. 

Dibenzazepine drugs are now widely used in the 
treatment of emotional and psychiatric disorders in 
which the major symptom is depression, particularly 
endogenous depression.’ Analytical methods for the 
determination of dibenzazepine drugs include 
titrimetry,” polarography,s ultraviolet spectro- 
photometry,2*3*6 visible-region spectrophotometry,bs 
fluorimetry? atomic-absorption spectrophotometry,10 
thin-layer chromatography,” gas-liquid chromatog- 

raphy, ” high-performance liquid chromatographyi 
and radioimmunoassay. I4 The official methods nor- 
mally involve a non-aqueous titration or a spectro- 
photometric procedure.*s3 

This work describes the determination of 
imipramine hydrochloride, clomipramine hydrochlo- 
ride, desipramine hydrochloride and trimipramine 
maleate in bulk and dosage forms. The proposed 
methods involve the use of DPNA (diazotized 
p-nitroaniline) or MBTH (3-methylbenzothiazolin- 
2-one hydrazone) as the chromogenic reagent. 

Apparatus 
EXPERIMENTAL 

Measurements were made with a Zeiss PMZDL spectro- 
photometer. 

Reagents 
Pharmaceutical grade imipramine hydrochloride, 

clomipramine hydrochloride, desipramine hydrochloride, 
and trimipramine maleate were obtained as gifts from 
CibaaGeigy and Specia and were used as working standards 
without further treatment. All other reagents and solvents 
were of analytical grade. Commercial dosage forms were 
purchased from local sources. 

DPNA solution, 0.16%. Dissolve 40 mg of p-nitroaniline 
in 2.5 ml of concentrated hydrochloric acid. Cool in an 
ice-bath and add 1 ml of 2% sodium nitrite solution. After 
5 min add 0.5 ml of 10% sulphamic acid solution and dilute 
to 25 ml with distilled water. Mix well and keep in an 
ice-bath. Prepare fresh every 5 hr. 

MBTH solution. Freshly prepare a 0.4% solution in 
distilled water. 

Ammonium iron sulphate solution. Prepare a 1% 
solution in O.lM hydrochloric acid. 

Standard dibenzazepine solutions. Dissolve 50 mg of the 
drug in 100 ml of water. Dilute a 5-ml portion accurately to 
50 ml with water to obtain a standard 50-pg/ml solution. 

Procedures 
Pharmaceutical preparations. Transfer an accurately 

weighed amount of the powdered tablets equivalent to 
50 mg of the dibenzazepine compound into a 100~ml stan- 
dard flask. Dilute to the mark with water, shake well and 
filter. Discard the first portion of tiltrate. Accurately dilute 
a suitable volume of the filtrate tenfold with water to obtain 
a sample concentration of 50 pg/ml. 

Assay with DPNA. Pipette 1 ml of either standard or 
sample dibenzazepine solution into a lo-ml standard flask. 
Add 2 ml of diazotized p-nitroaniline solution followed by 
1 ml of concentrated hydrochloric acid. Mix well and leave 
for about 20 min in a thermostatically controlled water-bath 
at 70-75”. Cool, and dilute to volume with 5M hydrochloric 
acid. After 5 mm measure the absorbance at 575 mn in l-cm 
cells against a reagent blank prepared similarly. 

Procedure with MBTH. Transfer 1.0 ml of either standard 
or sample solution into a lO-ml standard flask and add 1 ml 
of MBTH solution and 2 ml of ammonium iron(II1) 
sulphate solution. Mix well and leave for 15 min at w>O< 
Dilute the mixture to volume with water and measure the 
absorbance at 620 nm for clomipramine hydrochloride and 
at 630 nm for the other dibenzazepines, against a reagent 
blank similarly prepared. 

RESULTS AND DISCUSSION 

The methods involve the reaction of dibenzazepine 
drugs with DPNA in concentrated hydrochloric acid 
medium to produce violet products with maximum 
absorption at 575 mn (Fig. l), or under mild acid 
conditions (O.lM hydrochloric acid) with MBTH in 
the presence of an oxidant [ammonium iron(II1) 
sulphate] to give blue products with maximum 
absorption at 620-630 nm (Fig. I). 
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Fig. 1. Absorption spectra of the reaction products of 
imipramine HCl with (I) DPNA, (2) MBTH. Final drug 

concentration, 3 j&nl. 

The factors affecting the colour development, re- 
producibility, sensitivity and adherence to Beer’s law 
were investigated with imipramine hydrochloride as 
the model compound, since the other dibenxaxepines 
behaved similarly to it. 

Optimization of the DPNA method 

A high colour intensity was obtained when concen- 
trated hydrochloric acid was used as the solvent for 
the p-nitroaniline, and a volume of 2.5 ml of it was 
initially selected. When 1.0 ml of a 2% solution of 
sodium nitrite was used the excess of nitrite could be 
removed by the addition of 0.5 ml of 10% sulphamic 
acid solution. 

Figure 2 shows the effect of DPNA concentration 
and volume on the absorbance of the coloured 
product. Maximum colour intensity was obtained 
with 1.5-3.5 ml of 0.16% DPNA solution. 

Dilution of the coloured solution with different 
solvents resulted in variation of the final absorbance. 
It was found that the effect was minimized by suitable 
acidification. Maximum intensity and stability of the 
colour were obtained with addition of 0.5-5 ml of 
concentrated hydrochloric or phosphoric acid, and 1 
ml of the former is recommended. It is then necessary 
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Fig. 2. Effect of volume of 0.16% DPNA solution on the 
absorbance of the product with imipramine HCl(5 pg/ml). 

Table 1. Effect of different acids and solvents 
on the reaction product of imipramine 

hydrochloride (8 &ml) and DPNA 

Solvent Absorbance &,_, nm 

Water 0.337 575 
5M HCl 0.852 575 
2.5M H,SO, 0.492 575 
5M CH,COOH 0.439 575 
1.67M H,PO, 0.854 575 
5M NHO, 0.484 575 
Ethanol 0.541 445 
Methanol 0.151 
Propan-l-01 0.198 z: 
Butan-l-01 0.262 485 
DMSO 0.260 480 
DMF 0.316 485 
Acetonitrile 0.253 560 
Dioxan 0.278 475 

to dilute to volume with a suitable solvent, and 5M 
hydrochloric acid is recommended (Table 1). The 
colour intensity increases slightly in the first 3 min, 
but then remains constant for 24 hr. 

Figure 3 shows that at -3O”, the colour increased 
very slowly. At 100” maximum absorbance was 
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Fig. 3. Effect of temperature and reaction time on the 
absorption intensity of the reaction product of imipramine 
HCl (8 pgcglml) with DPNA. Key: -B-B- -30” 
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Fig. 4. Effect of development time at -30” on the colour 
intensity of imipramine HCl (2 ~/ml) with MBTH. 
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achieved after 5 min but there was marked loss of with DPNA or MBTH in 1: 1 molar ratio under the 
colour after another 5 min. At 70-75” maximum recommended conditions. 
absorption was reached after 10 min, and remained The electron density in the dibenxaxepines studied 
unchanged for another 30 min. Heating at 70-75” for is highest at the 2 and 8 positions, which permits 
20 min is recommended. electrophilic attack by numerous reagentsiS’* 

Optimization of the MBTH procedure 
Scheme 1 shows the possible reaction pathways for 
both procedures, as predicted from literature reports. 

For a fixed concentration of imipramine hydro- Although the coloured products were stable for 

NO, 

Scheme 1. Propo: mechanisms of the reactions between dibenzaxepines and MBTH(a) or DPNA(b). 

chloride, 1 ml of 0.4% MBTH solution was found to several days, they readily decomposed when isolated 
be sufficient to give maximum colour intensity. and could not be identified. 
Higher reagent concentrations did not afIect the 
colour intensity. For maximum colour development 
2 ml of a 1% solution of ammonium iron(II1) sul- 
phate were used. Higher concentrations of oxidant 
did not affect the absorption intensity of the chro- 
mophore. 

The coloured product developed rapidly after addi- 
tion of the reagents and attained maximum intensity 
after about 15 min at -30” (Fig. 4) and was stable 
for at least 24 hr. 
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4-(3,5-DICHLORO-ZPYRIDYLAZO)-1,3-DIAMINOBENZENE 
AS A METALLOCHROMIC INDICATOR FOR THE 

COMPLEXOMETRIC DETERMINATION OF 
Cu(I1) WITH EDTA 
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Summary-In slightly acid solutions Cu(II) and 4-(3,5-dichloro-2-pyridylazo)-1,3diaminobenzene (3,5- 
CIZPADAB) form a red-purple complex (c = 5.0 x lo4 l.mole-‘.cm-’ at 547 nm). The complex is readily 
broken by EDTA, with a sharp change of colour to the yellow of the free reagent (A&,,_ = 110 mn at 
pH 3.5). This colour contrast and the reversibility of the formation reaction, together with the solubility 
of the complex in water, make the pyridylazo reagent useful as a metallochromic indicator for copper 
titration, at pH 2.7-5.5. The Cu(II)-3,5-Cl2PADAB indicator system has been satisfactorily applied to 
the determination of sulphur in cast iron, “useful oxides” (A&O, + Fe,O,) in samples of commercial 
aluminium sulphate, and total phosphorus in a synthetic mixed fertilizer. 

I-(2-Pyridylazo)-2-nphthol (PAN)‘” was the first 
pyridylazo reagent used as a metallochromic indica- 
tor for the determination of Cu(I1) with EDTA. 
Several reagents structurally similar to PAN have 
been used for the same purpose, e.g., PAR,4 7-(2- 
pyridylazo)-8-hydroxyquinoline,5 and PAAC and its 
halogenated derivatives.6 The Cu(I1 jpyridylazo 
reagent indicator system has been applied in the 
indirect complexometric determination of other 
metal ions, of anions such as sulphate.,’ molybdate,8*9 
orthophosphate1° and sulphide,” and of other sub- 
stances such as amino-acids’2 and peptides.12 

However, because these reagents and their Cu(H) 
complexes are only slightly soluble in water, their use 
has some drawbacks: the titration medium must have 
a high content of a water-miscible organic solvent, 
and hence only a low salt content, and even then the 
end-point reaction is slow, so the titrant must be 
added slowly, and the titration done with a hot 
sample. 

The present work examined the use of 4-(3,5- 
dichloro-2-pyridylazo)-1,3-diaminobenzene as a met- 
allochromic indicator for determination of Cu(I1) 
with EDTA. This reagent, in contrast to those men- 
tioned above, does not contain any hydroxyl groups, 
and is co-ordinated to copper through the nitrogen 
atoms, yielding a positively-charged chelate that is 
soluble in water. The use of this indicator system in 
the indirect determination of other elements was also 
investigated. 

EXPERIMENTAL 

Solutions 

Standard Cu(ll)solution. The metal (99.999% pure, 7.620 
g) was dissolved in 25 ml of concmtrated nitric acid and the 

solution was evaporated to about 5 ml by gentle heating, 
then cooled, transferred to a MOO-ml standard flask and 
diluted to the mark with distilled water. 

Standard EDTA solution (ea. O.lM). The disodium salt 
(37.22 g) was dissolved in copper-free distilled water and the 
solution was diluted to 1 litre. with distilled water. and 
standardized by potentiometric titration with the standard 
Cu(I1) solution.‘3*‘4 

3,5-CIZPADAB solutions. The reagent was synthesized as 
previously describe&l5 and used as solutions in ethanol. A 
0.05% solution was used as indicator. 

Sodium formate-formic acid bufler solution. Formic acid 
solution (98~100% w/w, 155 ml) was diluted to amroxi- 
mately 850 ml with d&tilled wate;, adjusted to pH j.5 with 
30% sodium hydroxide solution. and diluted to 1 litre with 
distilled water.- 

All the reagents were of analytical grade, and all solutions 
were diluted further as required. 

Apparatus 
An Orion pH-meter/millivoltmeter, Model 701, was used, 

with a combined glass electrode with Ag/AgCl internal 
reference for pH measurements. A Varian recording spec- 
trophotometer, model 634, was used with IO-mm glass cells. 
For the spectrophotometric titrations a borosilicate glass 
cell (100 x 50 x 30 mm), with a capacity of approximately 
150 ml, was used. The Cu(II) solution (50 ml) was put in the 
cell and its pH adjusted with dilute nitric acid or sodium 
hydroxide solution. Indicator (4 or 5 drops) was added, 
followed by t&rant from a piston burette in 0.5~ml portions 
at first and 0.05-ml portions near the end-point. After each 
addition of titrant, the absorbance at 547 nm was measured. 

For determining sulphur in cast iron, the borosilicate 
glass apparatus shown in Fig. 1 was used for the dampo- 
sition of the sample and collection of the H,S released. 

Procedure for copper titration (visual end-point) 
Pipette 50 ml of test solution containing up to 30 mg of 

copper into a 250-ml titration flask, neutralize to litmus 
paper with dilute sodium hydroxide solution, and add 5 ml 
of pH 3.5 buffer. Add 3-5 drops of the indicator and titrate 
with the EDTA. Near the end-point, reduce the rate of 
addition of Want to -0.5 ml/min. 

945 
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Fig. 1. Scheme of the apparatus for determination of sulphur by evolution. 

Applications 
Determination of S in cast iron. Weigh about 2.5 g (f0.5 

mg) of sample into the decomposition flask (Fig. 1). Assem- 
ble the apparatus with SO ml of 0.02N Cn(II) solution (pH 
2-3) in the absorption tube, plus enough distilled water to 
bring the ievel up to 60 mm below the rnou~ of the tube. 
Slowly add 80 ml of hydrochloric acid (1 + 3) from the 
separatory funnel, while heating the flask to give slow and 
smooth gas liberation during dissolution of the sample. 
After 30 min add 30 ml of concentrated hydrochloric acid 
from the funnel, and heat again for I5 min. When decom- 
position is finished, disconnect the HsS exit-tube and fllter 
off the CuS on a fine-pore paper, colMing the i&rate in a 
250-ml titration flask. Wash the exit-tube and absorption 
tube with hydrochloric acid (1 f 99). Dilute the filtrate plus 
washings to 1 SO-200 ml with distilled water, add 5 ml of pH 
3.5 but&r and 3-5 drops of indicator, and titrate the excess 
of copper with O.OW EDTA. 

“Useful oxides” in ahuninium sulphate. Add 200 ml of 
O.OlSM sulphuric acid to 20 g of the sample (weighed to f 1 
mg) in a 50%ml fiask. Heat to incipient boiling with 
agitation to prevent “bumping”. Add some paper-pulp and 
filter off on a fine-pore paper, collectinn the tiltrate in a 
I-litre standard flask. Wash the residue-with 0.015M sul- 
phuric acid and dilute the tiltrate and washings to the mark 
with distilled water, and mix. pipette 25 ml of the solution 
into a 250.ml titration &tsk, add 3-5 drops of bromine water 
and boil for 10 min to remove excess of bromine. Add 25.00 
ml of O,odM EDTA and 100 ml of distilled water and boil 
for 5 min. Coot, add 3 or 4 drops of 0.01% Bromocresol 
Green solution, then 10% sodium hydroxide solution drop 
wise until a blue colour appears and just acidify again with 
nitric acid (1 + 3). Add 5 ml of pH 3.5 bufTer, 3-5 drops of 
indicator, and titrate the excess of EDTA with 6 x IO-)M 
copper solution until the colour turns from green to violet, 
and remains violet for at least SO sec. 

Dete~~tion of total ~o~pho~ in a mixed fertilizer. 
Add 20 ml of distilled water and 30 ml of concentr&d nitric 
acid to 2.500 II of the 6nclv around sample in a 400~ml 
beaker. Boil &tly under a &u&r hood to expel the brown 
fumes, then more strongly until the volume is reduced to 
-20 ml. Repeat this treatment with concentrated nitric acid 

twice more. Dilute the final residue to about 200 ml with 
distilled water, and filter (fInepore paper). Wash the paper 
and flask several times with nitric acid (2 + 98). Dilute the 
tiltrate and washings to volume in a 250-ml standard tlask 
with distilled water. Pinette SO ml of this solution into a 
250-ml beaker, add lS&ml of distilled water, adjust the pH 
to nearly 1 with dilute nitric acid and sodium hydroxide 
solution, then add 25 ml of a saturated solution of barium 
nitrate. Boil gently for 5 min, then let stand for 15 mitt to 
cool. Filter (fine-pore paper) and wash the residue with 
nitric acid (2 +98). Dilute the filtrate and washings to 
volume in a 25O-ml standard flask. 

Add 20 ml of this solution dropwise from a pipette, 
stirring with a glass rod, to 25 ml of boiling O&M bismuth 
solution (in I@ nitric acid) in a 250~ml b&ker. Then add 
55 ml of distilled water dropwiw to the hot mixture. Place 
the beaker in a boiling water-bath and let it stand there for 
30 min, stirring from time to time with a glass rod. Filter 
(fine-pore paper), taking care. that the bulk of the pracipitate 
is not transferred to the filter uaner. Wash the residue and 
filter paper several times with t&ic acid (2 + 98) and finally 
once with 5 ml of distilled water. 

Transfer the filter paper and its contents to the original 
beaker and add 25.08 ml of O&M EDTA. Boil until all the 
precipitate has dissolved, spreading the filter paper with a 
glass rod to facilitate the operation. Cool, add 150 ml of 
distilled water, 2.5 ml of pH 3.5 buffer and 3-5 drops of 
indicator, and titrate the excess of BDTA with O.OSM 
copper solution. 

RESULTS AND DISCUSSION 

Properties of the reagent and its cupric complex 

Copper(I1) reacts with a yellow slightly acid solu- 
tion of 3,5-C12PADAB (J._ 437 nm) to give a 
red-purple complex. The absorbance (at 54’7 nm) of 
the complex is maximal in the pH range 2.7-4.0, and 
stable for at least 12 hr. At this acidity the complex 
is quickly destroyed by EDTA, with a sharp colour 
change to yellow (Fig. 2). 
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A 

Fig. 2. Spectral curves of 3,5-Cl2PADAB and its Cu(I1) 
complex. pH 3.50: (1) 2.30 x 10e5M 3,5-C12PADAB, (2) 
1 x 10e3M Cu(II), 2.30 x IO-‘M 3,5-Cl2PADAB. Solvent: 

2% v/v ethanol-water. 

Job plots of absorbance measurements at 430 and 
547 nm showed that a 1: 1 complex is formed. The 
molar absorptivity and the conditional formation 
constant (at pH 3.50) of the complex were determined 
by the modified Komar methodI and found to be 
5.2 x 10 l.mole-*.cm-’ and 2.1 x 10’ respectively. 

The application of the equilibrium-shift method 
showed that 1 proton is released for each molecule of 
copper complex formed: 

HL+ + C$+G=CUL*+ + H+ 

where HL+ is the predominant protonated species of 
the reagent between pH 1.50 and 4.00.” 

The cationic nature of the complex was confirmed 
by electrophoretic migration studies. 

Cu(ll) titration 

Choice of pH. The Reilley and S&mid method” 
was used for finding the optimal pH range. Figure 3 
shows the results of the investigation. Curve A shows 
pCu(I1) as a function of pH in O.lM sodium for- 
mat+formic acid buffer, and curve B represents the 
p&(11) values at which the concentration of the 
Cu(II)-3,5-C12PADAB complex would be equal to 
that of the free indicator. Curve C shows the values 
of p&(11) as a function of pH, when the total 
amount of titrant added corresponds to twice the 
amount needed to reach the equivalence point. The 
numerical values of the equilibrium constants which 
are used for calculating the different points of curve 
B, and belong to the Cu(II)-3,5-C12PADAB system, 
were determined in this work. A, is a measure of the 
stability of the indicator complex, and A2 is a measure 
of the extent to which the titrant displaces the 
indicator from this complex. The end-point is 
sharpest when AI and A2 are both large. This is the 
case between pH 3 and 4, but from the results of 
titrations of Cu(I1) in solutions of different pH, with 
visual, potentiometric and spectrophotometric end- 
point indication (Fig. 4), this interval can be extended 
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Fig. 3. Reilley and Schmid plot for the Cu(II)-3,5- 
ClZPADAEEDTA system. Sodium formate-formic acid 

buffer O.lM. 

to pH 2X-5.50 without introducing a relative er- 
ror > +O. 1%. However, at pH > 4.5 the Want must 
be added more slowly, to make the visual end-point 
easier to see; this is due to the low solubility of the 
indicator complex at this acidity. 

Accuracy and precbion 

Table 1 presents some typical results obtained for 
the copper/EDTA titration, and also the colour 

A 

1 

/ 2 

3 
4 

-7 ;‘\\ 5 

it 2 
3 
4 
5 

% TITRATED 

Fig. 4. Influence of pH in spectrophotometric Cu(II) titra- 
tion with EDTA (3.5~C12PADAB as indicator). pH: (1) 6.0, 
(2) 5.5, (3) 4.6, (4) 2.5-4.4, (5) 1.6-2.3, adjusted with sodium 
formate-formic acid buffer (O.lOM). 1 = 547 nm. Titration 
rate 1 ml/min in 0.5~ml portions for bulk of titration, and 
0.1 ml/min in 0.05~ml portions near the end-point. Aqueous 
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1. Some results obtained EDTA titrations Cu(I1) solutions using 3,5- 
as indicator 

taken, ppm 6.40 

ppm 

6.35 15.00 300.0 600.5 612.0 
6.33 15.00 300.0 600.5 612.5 
6.32 15.01 300.0 600.6 611.9 
6.33 15.02 300.0 600.4 611.8 

Standard deviation, ppm 0.01 0.01 0.0 0.07 0.03 

Colour changes Red purple Red purple Violet Violet Violet 
at the end-point to to pale to 

bk 
to 

yellow green green dark blue 

transitions at the end-point. The colour changes vary 
according to the Cu(II) concentration, because of the 
light-blue background colour of the Cu(II)-EDTA 
complex. These results show that the most suitable 
concentration range is from 15 to 600 ppm Cu(I1). 

At pH 3.50, Cu(I1) can be determined in solutions 
containing up to 50% v/v ethanol or more. High 
concentrations of sodium acetate (4M), sulphate 
(lM), chloride (3M), perchlorate (3M), nitrate (3M) 
or formate (4M) do not interfere. Metal ions with 
EDTA complexes having a stability similar to or 
greater than that of the Cu(II)-EDTA complex,‘* and 
those which give an irreversible colour reaction with 
the indicator [Co(E), Pd(II), Fe(II/III)] will interfere. 
The Fe(III)-indicator complex does not form in the 
presence of EDTA, which allows indirect determina- 
tion of iron(II1) by copper(I1) back-titration of an 
excess of EDTA added before the indicator. The 
same procedure can be used to determine aluminium, 
because of the slow rate of decomposition of the 
Al(III)-EDTA complex and the high rate of the 
reaction of EDTA and Cu(I1). 

Applications 

Sulphur in cast iron. The H,S evolution method” 
was used. The sample was Cast Iron IPT No. 37 
(gray), with composition certified by the Instituto de 
Pesquisas Tecnolbgicas (IPT) do Estado de Sao Paul0 
(Brazil) as (total) C 2.93%; (graphitic) C 2.66%; Si 
2.04%; Mn 0.82%; P 0.140%; S 0.082%; Cu 0.011%; 
Ni 0.030%; Cr 0.011% and Ti 0.022%. 

The average value found (10 individual determina- 
tions) was 0.082%, standard deviation 0.001%. 

“Useful oxides” in aluminium sulphate. Two alu- 
minium sulphate samples were analysed for 
Al205 + FerO,. One was from a natural source, and 
the other was synthetic and used for treating natural 
water. The content of Al,05 + Fe,05 in each of the 
samples was determined gravimetrically,” on aliquots 
of the test solution prepared for analysis by the 
EDTA method. 

The accuracy and precision of this method were 
evaluated by performing 6 determinations on two 
equal portions of each sample; this took only 2 hr, 
whereas it took 10 hr to perform the same number of 
determinations by the gravimetric method. The re- 
sults obtained are shown in Table 2. 

Total phosphorus in a mixed fertilizer. The pro- 
posed method involves precipitating the phosphate as 
BiPO, from hot 0.3M nitric acid, followed by dissolu- 
tion of the precipitate with a measured excess of 
EDTA and back-titration of the excess with standard 
Cu(I1) solution. 

The sample used was a simulated commercial NPK 
fertilizer. Qualitative analysis showed the presence of 
chloride and sulphate, organic nitrogen and ammoni- 
acal nitrogen, and phosphorus soluble and insoluble 
in water and citrate. To determine the phosphorus 
content independently, the gravimetric ammonium 
phosphomolybdate procedure”** was used as refer- 
ence method. 

For the precipitation of bismuth phosphate, the 
procedure suggested by Blasdale and Park? was 
followed. The chloride and sulphate, which interfere 
in the BiPO, precipitation,24*25 were eliminated, the 
former during the sample attack and the sulphate in 
an intermediate step, as BaS04.25 

The average of six determinations performed on 
three portions of the sample by the complexometric 
method yielded a P2 O5 content of 17.1 30 % (standard 
deviation 0.01, %). The reference method (same num- 
ber of determinations and sample portions) gave 
17.12,% PrO5 (standard deviation 0.015%). 

CONCLUSIONS 

Cu(I1) and 3,5-Cl2PADAB react to give a red-pur- 
ple complex which has maximum colour intensity in 
the pH range 2.7-4.0, in the presence or absence of 
water-soluble organic solvents. 

The appreciable solubility of the Cu(II)-3,5- 
Cl2PADAB complex in water within this pH range 

Table 2. Results obtained in the complexometric determina- 
tion of ‘useful oxides” (Also, + Fe,O,) in commercial 
Al,(SO,), by using the Cu(IIt3,5-ClZPADAB-EDTA SYS- _. _._ - 

tern (Al@, + Fe,& expressed as A&O,) _ 

A&O3 found, %* 

Sample 

Nature 
Simulated 

Gravimetric Complexometric 
method method 

12.30 f 0.03 12.29 f 0.00, 
15.54 f 0.03 15.54 f 0.01 

*Mean f standard deviation of 6 replicates. 
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is an advantage over many o-hydroxypyridylazo 
reagents used 

(i) In the sulphur determination, the error pro- 
duced by volatilization of H2S during its titration in 
acid medium is eliminated. 

(ii) The determination of “useful oxides” (A&O3 + 
Fe,O,) is much faster than the gravimetric method. 

(iii) For the determination of total phosphorus in 
fertilizers, in contrast to precipitation of ammonium 
phosphomolybdate or Znz6 or Mg*’ ammonium phos- 
phate, the procedure needs neither a lengthy rest 
period nor strict temperature control to obtain quan- 
titative precipitation of a compound of definite stoi- 
chiometry, nor does it need repeat precipitations to 
yield a precipitate with adequate purity. It is also 
faster than most of the other methods recommended 
for the determination of phosphorus in fertiliz- 
ers 1920,** 
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?-y-In the zinc electro-winning process arsenic is considered a “problem impurity”. Its determi- 
nation should be fast, accurate and simple to help in-plant control for its effective removal during the 
iron purification stage. Such a method is presented which is applicable to all zinc concentrates, lead 
concentrates and smelter residues, with various compositions and matrix components. Results for certified 
reference samples and for recovery of standard additions are very good. 

Arsenic is a “problem impurity” in the electro- 
winning of zinc. It will be present in the zinc concen- 
trate calcine and other products, in the range 
O.OOl-0.3%. Though arsenic is partially eliminated 
during roasting, it is also carried away with the 
calcine. Effective removal of arsenic during the neu- 
tral leaching stage depends on the pH and the proper 
addition of iron. Some arsenic escapes with the 
impure zinc sulphate solution and is removed from it 
by the addition of zinc dust. The tolerance limit for 
arsenic in the purified zinc sulphate solution is 
0.003-0.01 mg/l. 

The effects of arsenic in electro-winning of zinc 
areie5 (1) it lowers the current efficiency, (2) redissol- 
ution of zinc will be high, (3) the deposit will be 
corrugated, (4) in combination with other impurities 
such as cobalt, nickel and germanium it creates 
problems during the electrolysis, resulting in very 
poor current efficiency. 

It is therefore essential to remove arsenic effectively 
during the neutral leaching stage, to achieve efficient 
electrolytic conditions for zinc. The effect of arsenic 
on the current efficiency is shown in Fig. 1. 

The arsenic levels in the zinc concentrate and other 
roasted products need to be determined accurately 
and quickly to aid in elimination of arsenic during the 
leaching stage and for operation of the plant. 

The methods available for the determination 
of arsenic by atomic-absorption spectrometry,6-9 
polarography,‘0-‘2 and neutron activation,‘3s’4 may 
suffer from loss of arsenic during dissolution of the 
sample and the need for separation from interfering 
impurities such as antimony, germanium, silicon and 
phosphorus. 

In the proposed method, arsenic can be determined 
accurately and quickly in different matrices and the 

method may be preferred to similar spectrophotomet- 
ric methods6 where ammonium molybdate is used for 
the colour development. 

The sample is decomposed with nitric-sulphuric 
acid mixture and the residue is taken up in 6A4 
hydrochloric acid. As(V) is reduced to As(II1) with 
titanium(II1) chloride. As(II1) is extracted as the 
iodide into chloroform, stripped with water, oxidized 
with ceric sulphate and determined by the molyb- 
denum blue method. The absorbance is measured 
at 825 nm. 

The method is specific for arsenic. Silicon, phos- 
phorus, germanium and antimony do not interfere, as 
they are separated from arsenic during the extraction. 

EXPERIMENTAL 

Reagents 
All the reagents were of analytical grade. 
Standard l:O mg/ml arsenic s&tion: Dissolve 1.321 g of 

arsenious oxide (dried at 105°C for 2 hr) in 5 ml of 1M 
sodium hydroxide, with warming if neces&y. Add 5 ml of 
1M hydrochloric acid and make up to volume in a 1-litre 
standard flask. Dilute accurately MO-fold to obtain 10 
pg/ml arsenic working standard. 

Titanous chloride solution. Dilute 30 ml of 15% titanous 
chloride solution to 100 ml with 12M hydrochloric acid. 

Aaueous potassium iodide solution, 40%. 
C&k s&hate solution, 0.05% in 5M sulphuric acid. 
Ammonium molvbdate solutions 2 and 0.1% in 0.2SM 

sulphuric acid. _ 
Aqueous hydrasine @hate solution, 0.1%. 
Chloroform, Wash with water before use. 

Sample preparation 
Depending on the arsenic content, weigh 0.1-1.0 g of 

sample into a 250~ml beaker, cover with a watch glass, add 
5 ml of concentrated nitric acid and 2 ml of concentrated 
sulphuric acid, and heat over a low game initially and then 
more strongly until fumes of sulphur trioxide have been 
evolved for 5 min. Cool, add 5 ml of concentrated nitric acid 
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0 2 4 6 6 10 

mg/l. (Cd, Co,Cu, Fe, Nil 
0.1 mg/l. (As, Sb) 

Fig. 1. Effect of impurities on current efficiency for eleo 
trolysis of 80 g/l. Zn solution in 100 g/l. sulphuric acid 

at 30”. 

and 2 ml of concentrated sulphuric acid and heat again till 
white fumes are evolved. No black particles should remain. 
Cool, rinse the watch glass and the sides of beaker with 5 
ml of water, add 50 ml of 6M hydrochloric acid and warm 
to dissolve the salts. Cool, then transfer the solution to a 
100~ml standard flask and make up to the mark with 6M 
hydrochloric acid. 

Spectrophotometric determination 
Pipette 10 ml of the prepared sample solution into a 

IOO-ml separating funnel, then add titanous chloride sol- 

ution dropwise till its violet colour persists, indicating 
complete reduction of As(V) to As(W). Add 2 ml of 40% 
potassium iodide solution and 35 ml of 12M hydrochloric 
acid, mix, then add 25 ml of chloroform and shake the 
stoppered funnel for 3 min. After phase separation, transfer 
the chloroform layer to another 100~ml separating funnel. 
Extract the residual aqueous phase with 10 ml of chloroform 
and combine the extracts. Strip the chloroform phase by 
shaking it with 12 ml of water for 3 min, then transfer the 
aqueous phase into a 25-ml standard flask containing 1 ml 
of 0.05% ceric sulphate solution. Repeat the stripping with 
5 ml of water and add the aqueous phase to the same 
standard flask. Add 1 ml of 2% ammonium molybdate. 
solution, followed by 0.5 ml of 0.1% hydraxine sulphate 
solution, and mix. Place the flask in a water-bath at 95” for 
20 min. Cool and make up to volume with 0.1% ammonium 
molybdate solution. Using a IO-mm path-length cell, 
measure the absorbance at 825 nm. Prepare the calibration 
graph by applying the spectrophotometric determination to 
standards consisting of 10 ml of 6M hydrochloric acid to 
which O-3 ml of 10 pg/ml working standard solution have 
been added. The graph should be linear and pass through 
the origin. 

RESULTS AND DISCUSSION 

The method was validated by analysis of con- 
centrates and other zinc smelter materials as well as 
of certified reference samples. Various amounts 
of arsenic were added to the samples during the 
sample preparation stage, to determine the recovery 
of arsenic. The results are given in Tables l-4. 

Table 1. Results of recovery experiments with known additions of arsenic to various zinc 
concentrates of different oriein 

Origin 

Indian 
Dariba 

Composition, % 

Zn Pb Fe Cu 

51.0 1.8 

Zawar 52.5 1.5 

Sikkim 51.2 4.6 

5.5 0.35 

8.8 0.05 

19.3 1.04 

As added, 
As found, erg 

As, % /W Mean Range 

142-147 0.18 150 
200 
250 

0.039 150 
200 
250 

145 
208 
248 

148 

0.130 500 
600 
700 

0.050 
;!z 
300 

0.04 150 
250 
300 

0.010 50 
100 
150 

0.018 50 
100 
150 

0.08 350 
400 
450 

0.023 100 

249 

495 
589 

206-210 
246-250 

142-156 
188-202 
248-250 

492-498 
588-591 
692-695 

Canadian 

Mexican 

Peruvian 

Australian 

Irish 

Swedish 

51.9 0.7 

56.4 0.5 

55.8 1.8 

52.6 0.9 

53.8 2.2 

53.9 1.4 

5.6 0.68 

5.6 1.00 

5.1 0.28 

10.7 0.12 

3.3 0.06 

7.3 0.50 
150 
200 

195 
244 
301 

148 
244 
301 

50 
100 
148 

51 
100 
150 

345 
390 
445 

100 
151 
200 

1+196 
243-245 
299-302 

142-156 
241-246 
299-302 

48-52 
98-102 

l&l50 

5G53 
no change 

149-151 

344-346 
no change 

no change 
150-152 

no change 
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Table 2. Results for arsenic in various roasted products and recovery experiments with known 
additions of arsenic 

Product 

Composition, % As added, As found, w 

Zn Pb Fe Cu As, % fl8 Mean Range 
Cal&e 59.1 3.1 5.0 0.06 0.130 294 

385 
500 485 

Moore cake 18.0 8.0 20.0 0.02 0.064 200 195 
300 297 
350 347 

Raw ZnO 55.0 12.5 3.0 0.05 0.03 100 98 
150 149 
200 197 

Clinkered 62.0 6.0 5.5 0.10 0.03 100 98 
oxide 150 149 

200 198 
Lead oxide 20.0 28.0 2.0 0.50 0.10 300 295 

400 392 
500 494 

PbSO, cake 7.5 36.8 2.9 0.06 0.02 50 50 
100 100 
150 148 

292-295 
384-386 
482-487 
194-196 
295-298 
345-348 
95-100 

148-150 
193-199 
96-99 

146151 
195-200 
292-297 
390-393 
490-496 

no change 
no change 

144-150 

Antimony, germanium, silicon and phosphorus do samples of zinc smelter products. There is no loss of 
not interfere when present in up to 10: 1 weight ratio arsenic during sample preparation and extraction. 
to arsenic. However, the acid concentration during the extrac- 

The sample digestion with nitric acid and sulphuric tion stage is critical and should be kept at 10M with 
acid has been found suitable and effective for all the respect to hydrochloric acid, or the extraction of 

Sample 

Table 3. Analysis of CANMET reference samples 

Composition, % Certified As found by present method, % 

Zn Cu Pb S As value, % Mean Range 
Zinc-tin-copper-lead ore 
MP-1 
Zinc concentrate 
CZN-1 

Lead concentrate 
CPB-1 
Copper concentrate 
ecu- 1 
Non-ferrous reference dust 
PD-I 

15.9 2.09 1.88 11.8 0.77 0.78 0.775-0.783 

44.74 0.144 7.45 30.2 0.026 0.026 0.0253-0.0262 

4.42 0.254 64.74 17.8 0.056 0.056 0.0543-0.0566 

3.22 24.71 0.106 35.6 0.0042 0.041 0.040~.0413 

35.9 70.03 2.75 8.23 0.76 0.76 0.758-0.762 

Table 4. Arsenic in lead concentrates used at lead smelter 

Origin 

Zawar 

Sqipalli 

A$nigundala 

Dariba 

Composition, % As added, As found, w 

Zn Pb Fe Cu As, % IJ8 Mean Range 

4.0 58.5 2.0 0.05 0.008 50 48 48+9 
100 102 RX-J-104 
150 150 no change 

4.6 60.4 5.3 0.77 0.0192 z 298 294-300 
402 398404 

500 498 490-502 
1.2 68.3 3.3 0.05 0.020 50 50 no change 

100 100 no change 
150 148 MO-152 

4.9 38.0 6.8 2.10 0.197 300 298 293-302 
400 400 no cbangt 
508 498 49&502 
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arsenic may be incomplete. Any iodine stripped into 
the aqueous phase acts as a catalyst for the oxidation 
of arsenic(II1) by ceric sulphate. 

Since the results obtained for arsenic in certified 
reference samples were in good agreement with the 
certified values, an independent method was not used 
to analyse the process samples. However, we feel that 
the method could be adopted as a referee method for 
the determination of arsenic in ores and concentrates. 
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SHORT COMMUNICATIONS 

INDIRECT ATOMIC-ABSORPTION SPECTROPHOTOMETRIC 
DETERMINATION OF PHOSPHORUS AFTER FLOTATION 

AS THE ION-PAIR OF MOLYBDOPHOSPHATE WITH 
BIS[2-(5CHLORO-2-PYRIDYLAZO)- 

5-DIETHYLAMINOPHENOLATO]COBALT(III) 

MITSIJHIKO TAGA* and MASAHIKO KAN 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060, Japan 

(Received 16 August 1988. Revised 2 March 1989. Accepted 19 April 1989) 

Summary-An atomic-absorption spectrophotometric method has been developed for the indirect 
determination of phosphorus. The calibration graph is linear over the range 0.02542 pg of phosphorus. 
The relative standard deviation is 1.3% for 0.2pg of phosphorus (6 replicates). The method has been 
anDlied to the determination of nhosnhate in natural water samples. The enhancement effect of acetone 
0; the determination is discuss&. _ 

Determination of phosphorus in environmental 
samples is important in environmental chemistry and 
geochemistry. In addition to conventional “molybde- 
num blue” methods for the determination of phos- 
phorus, various sensitive methods have been 
developed, such as spectrophotometry with Mala- 
chite Green,le3 and differential-pulse anodic voltam- 
metry. The indirect determination by atomic- 
absorption spectrophotometry (AAS) based on use of 
the copper(II~1,10-phenanthroline complex,s and a 
flotation-spectrophotometric method6 and an extrac- 
tion on a membrane filter-spectrophotometric 
method,’ both based on bis[2-(5-chloro-2-pyridy- 
laze)-5-diethylaminophenolato]cobalt(III) chloride 
(Co-5-Cl-PADAP) as the counter-ion, have also been 
reported; the counter-ion is the species measured. 

Co-S-Cl-PADAP, which has been used for the 
extraction-spectrophotometric determination of an- 
ionic surfactants,8.9 is too inert for the cobalt to be 
displaced by other metal ions or ligands, so interfer- 
ence by other ions is unlikely, making the method 
favourable for determination of traces of phosphorus 
in natural waters. 

Phosphate forms molybdophosphate with molyb- 
date in acidic solution. The ion-pair of molybdophos- 
phate with Co-S-Cl-PADAP is formed and floated at 
the phase boundary between the aqueous phase and 
butyl acetate. The aqueous phase is discarded, and 
the ion-pair is dissolved by addition of acetone to the 
butyl acetate phase. The cobalt in the organic phase 
is then measured by air-acetylene flame AAS, and is 
proportional to the amount of phosphorus. 

It is known that flame AAS signals are enhanced 
by the presence of suitable organic solvents.‘“” The 
effect of organic solvents on the atomic absorption of 
cobalt is discussed. 

*Author to whom correspondence should he addressed. 

EXPERIMENTAL 

A Hitachi 208 atomic-absorption spectrophotometer 
equipped with a three-slot air-acetylene flame burner-head 
was used. The operating conditions are listed in Table 1, and 
were established by nebulizing a solution of tris(acetylacet- 
onato)cobalt(III) (Co-AA) in a mixture of butyl acetate and 
acetone (10: 3 v/v). 

An Ostwald viscometer was used, in a water-bath kept at 
25°C. 

Reagents 

A standard solution of phosphorus was prepared by 
dissolving potassium dihydrogen phosphate (special grade, 
Wako Pure Chemical Industries) in water. Co-5-CI-PADAP 
(Dojindo Laboratories) was dissolved in water, and used 
without further purification. Co-AA was also purchased 
from Dojindo Laboratories. 

Procedure 

A sample containing up to 0.2 pg of phosphorus is taken 
in a lOO-ml separating funnel, 1 ml each of 1.25M sulphuric 
acid, 2.25mM ammonium molybdate and 0.25mMCo-5X1- 
PADAP are added, and the volume is made up to 10 ml with 
water. Next, lO.Oml of butyl acetate are added and the 
solution is shaken for 2 min to float the ion-pair of Co-5X1- 
PADAP with molybdophosphate. After phase separation, 
the aqueous phase is discarded, 3.0 ml of acetone are added 
to the butyl-acetate phase, and the solution is shaken for 
3Osec to dissolve the ion-pair. The cobalt in the organic 
phase is then measured by AAS with an air-acetylene flame. 

RESULTS AND DISCUSSION 

Choice of solvent for dissolving the floated ion-pair 

The ion-pair of Co-S-Cl-PADAP with molybdo- 
phosphate is floated at the boundary between the 
aqueous and butyl acetate phases. As possible sol- 
vents for admixture with butyl acetate to dissolve the 
floated ion-pair, methanol, ethanol and acetone were 
examined. In the previous spectrophotometric appli- 
cation of this flotation system,6 methanol was used as 
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Table 1. Operating conditions of atomic- 
abso-$ion &ctrophotometer 

Table 3. Recovery tests for phosphate 
in a melted snow sample (5 ml samulel 

Wavelength 
Lamp current 
Bandpass 

240.73 mn 
10mA 

0.32 nm 
Beak height 2omm 
Acetylene pressure 0.3 kg/cm2 

flow-rate 1.75 I./min 
Air pressure 1.8 kg/cm2 

flow-rate 14.0 l./min 

Phosphorus, /~g 

Added Found Recovery, % 

0 0.032 - 
0.050 0.078 92 
0.100 0.128 96 
0.150 0.183 101 

tie additive since it gave the highest absorbance for 
the ion-pair. For the AAS dete~nation, however, 
addition of acetone was found to enhance the signal 
by 16%, whereas addition of methanol and ethanol 
decreased it by 17% and 27%, respectively (sol- 
vent: butyl acetate 3 : 10 v/v). The observation height 
above the burner top was not critical in the range 
IS-30mm, but should obviously be kept constant. 

The addition of acetone (3: 10 v/v) to butyl acetate 
decreased the density and viscosity, and increased the 
aspiration rate (Table 2). The enhancement of the 
AAS signal by addition of acetone is evidently due to 
the increase in aspiration rate, caused by the de- 
creased viscosity. Besides this, however, there will 
also be a fame-tem~ratu~ e&t. Although addition 
of methanol or ethanol also decreases the density and 
viscosity and increases the aspiration rate (Table 2), 
neither solvent enhances the signal, presumably be- 
cause of a decrease in flame temperature and hence 
of atomization efficiency.12 

The concentrations of sulphuric acid, ammonium 
molybdate and Co-5-Cl-PADAP in the aqueous 
phase are similar to those employed in the spec- 
trophotometric method.6 To dissolve the amount of 
ion-pair ~orn~~d confining 0.2 pg of phosphorus, 
3.0 ml of acetone will suffice. Shaking for 2 min is 
sufficient to float the ion-pair, which is then com- 
pletely dissolved in the mixture of butyl acetate and 
acetone by shaking for 30 sec. 

Calibration, sensitivity and precision 

The calibration graph for phosphorus was linear 
over the range 0.02542 cg (regression coefficient 
0.999). The relative standard deviation for 6 repli- 
cates was 1.3% for 0.2pg of phosphorus and 5.7% 
for the reagent blank. Although the sensitivity of the 
proposed method is similar to that of the spectropho- 

Table 2. Some physical properties of the mixture of butyl 
acetate and additive (10: 3 v/v) 

Density, Viscosity, Aspiration rate, 
Additive glml CP mljmin 

None 0.876 0.671 5.43 
Acetone 0.852 0.546 6.11 
Ethanol 0.855 0.665 5.45 
Methanol 0.857 0.605 5.77 

Viscosities and densities were measured at 25°C. Aspiration 
rate was calculated from the time required for aspirating 
the mixture into the air-acetylene flame. 

tometric method,6 it could be improved by using 
smaller volumes of the solvents for flotation and 
~ssolution, and use of furnace AAS.” 

E$ect of diverse ions 

As in the spectrophotometric work,6 arsenic(V) 
causes a positive error when present in the same 
amount as phosphorus, and dodecyl sulphate gives a 
positive error of 10% when the amount present is ten 
times that of phosphorus. No effect was observed 
with other ions commonly existing in natural water; 
silicon, which often interferes in the determination of 
phosphorus, does not interfere even when present in 
lOOO-fold weight ratio to phosphorus. 

Applications 

The method was applied to the determination of 
phosphate in some natural waters. The two water 
samples tested were filtered with a 0.45pm pore-size 
membrane and stored in a freezer.‘4 The results 
obtained by use of the ~~b~tion graph were 6 &g/l. 
for water A and 5 pg/l. in water B. Flotation spec- 
trophotomet$ gave the same result for water B. 
Analysis of a snow sample gave 6pg/l. phosphorus 
by both the calibration graph and standard-addition 
methods. Table 3 shows the results of recovery tests 
for phosphorus in snow samples. 
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SOLVENT EXTRACTION OF ANTIMONY(II1) WITH 
l&CROWN-6 FROM IODIDE MEDIA 

R. G. VISIWTE and S. M. KHOPKAR* 

Department of Chemistry, Indian Institute of Technology, Bombay-400076, India 

(Received 24 June 1988. Revised 19 December 1988. Accepted 21 April 1989) 

Summar-Antimony can be quantitatively extracted from 1M sulphuric acid containing 0.25M potas- 
sium iodide with 0.02M 18-crown-6 in methylene chloride, and determined spectrophotometrically at 
430 nm. Bismuth, tin, antimony and arsenic can be separated by sequential extraction with 18-crown-6 
from aqueous phases with appropriately adjusted sulphuric acid and potassium iodide concentrations. 

Extractants such as ethers, esters and TBP have been 
used for separation of antimony. * In extraction chro- 
matography TOP0 and high molecular-weight 
amines have also been used.* Extraction when diethyl 
ether was used with halo-acids” or potassium iodide 
solution was not quantitative. Di-isopropyl ether is 
effective only in the presence of perchloric acid.6 
DC-l&crownd, DB-18-crown-6 and lg-crown-6 
have been used for extraction of antimony from 
lithium chloride solution.’ However, the sequential 
separation of antimony, arsenic, bismuth and tin has 
not hitherto been attempted. 

EXPERIMENTAL 

Apparatus 

An ECIL Model 866 C spectrophotometer with lo-mm 
path-length matched Corex glass cuvettes, and a wrist- 
action flask shaker were used. 

Reagents 

A stock solution of antimony(II1) was prepared by dis- 
solving 2.11 g of antimony trichloride (Qualigens Bxal R) 
in 25 ml of concentrated hydrochloric acid and dilution to 
250 ml with distilled water. This solution was standardix& 
and diluted to contain 50 rg/ml antimony. The crown ethers 
used were obtained from Aldrich. 

Procedure 

An aliquot of solution containing 50 pg of antimony(II1) 
was mixed with enough sulphuric acid, ascorbic acid solu- 
tion and potassium iodide solution for their concentrations 
to be 1, 0.11 and 0.25M respectively in a total volume 
of 10 ml. The solution was transferred into a separatory 
funnel, mixed with 10 ml of 0.02M 18-crown-6 solution in 
methylene chloride, and shaken mechanically for 5 min. 
When the phases had separated the yellow organic phase 
was withdrawn and its absorbance measured at 430 nm. 

RESULTS AND DISCUSSION 

Effect of sulphuric acid concentration 

Antimony can be extracted with solvating solvents 
at high mineral acid concentration, but in the pres- 
ence of potassium iodide the extraction is possible at 

*Author for correspondence. 

low mineral acid concentration. The extraction 
is quantitative from 2.5M potassium iodide solution 
in 0.5-W sulphuric acid with 0.02M solution of 
an appropriate crown ether in methylene chloride 
(Table 1). 

Effect of crown ether concentration 

18-Crown-6, DB-1 g-crown-6 and DC-18-crown-6 
all give quantitative extraction of antimony, but 
attention was focused on 18-crownd, which gave 
quantitative extraction when used at 0.01-0.05iU 
concentration; 0.02M 18-crown-6 was selected as 
optimal (Fig. 1). 

Effect of potassium iodide concentration 

The concentration of potassium iodide was varied 
for extraction of antimony from 1M sulphuric acid 
(Fig. 2). The extraction started at 0.06M iodide and 
was quantitative with 0.25M iodide, which was there- 
fore chosen for use. 

Effects of ascorbic acid concentration 

Ascorbic acid was added to prevent aerial oxida- 
tion of iodide. In <2M sulphuric acid medium, 
iodine is produced from iodide by atmospheric 
oxygen, but ascorbic acid prevents the oxidation9 
The ascorbic acid concentration was varied from 
0.005 to 0.14M, and the extraction of antimony was 
quantitative at 0.1 1M ascorbic acid (Fig. 3). 

E$ct of diluents 

Benzene, toluene, carbon tetrachloride, hexane, 
cyclohexane, chloroform, xylene, methylene chloride 
and ethylene chloride were tested as diluents for 
18-crown-6. The extraction was incomplete with the 
first five but quantitative with the others. Methylene 
chloride was preferred owing to its better phase 
separation. 

Eflect of equilibration time 

The shaking time (wrist-action flask-shaker) was 
varied from 1 to 10 min. The extraction was quanti- 
tative within 3 min. 
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Table 1. Effect of varying the concentration of sulphuric acid (potassium iodide 
2.5M) 

Extraction, % 

[H$O J, M 15-Crown-5 18-Crown-6 DB-18-Crown-6 DC-18-Crown-6 

0.50 0 
0.60 25 
0.65 35 
0.70 38 
0.75 45 
0.80 55 
0.85 60 
0.90 65 

35 
57 

:: 
84 
88 

100 
100 

- 25 
35 35 
50 52 
65 70 

;: ;: 
100 100 
100 100 

1.00 65 100 100 100 

100 r / -.-.- 

18-Crown-6(M) 

Fig. 1. Effect of 18-crown-6 concentration. 

Mechanism of extraction 

The nature of the extracted species was ascertained 
by plotting log-log graphs of distribution ratio vs. 
crown ether concentration at fixed potassium iodide 

.-.-.- 

. 
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. 
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L 40- 
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/ 

0- 
0.12 0.15 0.16 0.21 0.24 427 0.30 

KI(M) 

Fig. 2. Effect of potassium iodide concentration. 

._/ 
2:oL 

Aacwbk acid (HI ‘ll 

Fig. 3. Effect of ascorbic acid concentration. 

concentration and of distribution ratio vs. potassium 
iodide concentration at fixed 18-crown-6 wncen- 
tration. The slopes were 0.75 and 3.7 respectively. 
The probable molar ratios in the extracted species 
are antimony : crown ether : iodide 1: 1: 4. The iodide 
acts as the wmplexing ligand to form the anionic 
species SbI;, which is extracted as its ion-pair 
with the cationic potassium complex of 18-crown-6, 
analogously to the extraction of bismuth.iO The 
extraction is not quantitative with sodium or ammo- 
nium iodide instead of potassium iodide because the 
sodium and ammonium ions do not match well in size 
with the cavity of l8-crownd. 

Interferences 

The tolerance limits for various ions in the extrac- 
tion of 50 pg of antimony(II1) are given in Table 2. 

Table 2. Effect of diverse ions [Sb(III) 50 prJl 

Tolerance 
limit, 

Ion Added as mg 

Na+ 

c,o:- 

K+ 
Rb+ 

PO!- 

Be2+ 
MgZ+ 
Ca2+ 
Ba2+ 
Al’+ 
Ga’+ 
In’+ 
Tl’+ 
Pb2+ 
As’+ 
Fe’+ 
MOO:- 
Cd2+ 
LJ*+ 
Ce4+ 
Cl- 
so:- 
CH,COO- 
NO, 
H,EDTA2- 
SCN- 
Tartrate*- 

CH,COONa 

H2C204 

KC1 
RbCl 

Be(No3)2 

H,PO* 

MgSO, .7H,O 
CaCl, .6H,O 

BaCI, 
AlCl, . 6H20 

GaCl, 
InCl; 
TlCl, 

Pb(CH3&O)2 
AsCI, 
FeCI, 

(NHJzMoO, 
3CdS0,. 8H,O 

UOz(NO3)2.6H20 
(NHSJCh), 

Na2S04. 2H20 
CH,COONa 

NaNO, 
EDTA (disodium) 

NH,SCN 
Tartaric acid 

0.4 
0.7 
0.5 
0.8 
0.8 
1.0 
0.3 
0.8 
0.5 
0.1 
0.1 
0.6 
0.9 
0.5 
2.5 
0.8 
1.0 
0.6 
0.5 
0.5 
1.0 
1.0 
1.2 
0.4 
0.8 
1.2 
0.1 
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Table 3. Sequential separation of arsenic, antimony, bismuth and tin at different KI and H,SO, 
concentrations 

Element 

Ri (200 pgl 
Sn (50 pS1 
Sb (25 pgl 
As (100 !QI) 

Recovery, %, from Recovery, %, from 
potassium iodide sulphnrlc acid 

[!8-Crown-61, 
M 0.075M O.lSM 0.25M O.lM 0.75M LOM 

0.05 100 0 0 100 - - 
0.04 - 100 - - 100 - 
0.02 - 0 100 - - 100 
- 0 0 0 0 0 0 

Separation of arsenic, antimony, bismuth and tin by 
stepwke extraction 

When a mixture of arsenic, antimony, bismuth 
and tin was extracted with 0.05M 18-crown-6 in 
methyleue chloride from O.lM sulphuric acid con- 
taining 0.075M potassium iodide, only bismuth was 
extracted, and was determined spectrophotomeri- 
tally as its iodide complex, in the organic phase, 
at 495 mu.‘O Then tin was extracted with 0.0&f 
18-crown-6 in methylene chloride from the aqueous 
phase adjusted to 0.75M sulphuric acid and O.lSM 
potassium iodide concentration. The tin extracted 
was determined spectrophotometrically at 552 nm as 
its complex with Pyrocatechol Violet.” Under these 
condition antimony was not extracted. Finally the 
aqueous phase, adjusted to 1M sulphuric acid and 
0.25M potassium iodide concentration, was equili- 
brated with 0.02M 18-crown-6 in methylene chloride 
to extract antimony, which was determined spec- 
trophotometrically as its iodide complex, at 430 rm~. 
Because arsenic is not similarly extractable by crown 
ether systems, it was extracted at pH 5.0 with cupral 
solution in carbon tetrachloride, and determined 
spectrophotometrically at 340 nm.12 The results are 
given in Table 3. 

Analysis of white metal 

About 1 g of a white metal containing lead, tin 

and antimony was dissolved in concentrated sul- 
phuric acid, and the lead was precipitated as the 
sulphate and determined gravimetrically. The filtrate 
was made up to a known volume and tin and 
antimony were sequentially extracted from an aliquot 
and determined as described above. The results were 
85.0% lead, 5.0% tin and 10.0% antimony; the 
certified values were 84.5,5.1 and 10.4% respectively. 
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MINERALIZATION PROCEDURE FOR USE WITH THE 
FLUOROMETRIC DETERMINATION OF ZINC IN 

BIOLOGICAL SAMPLES 

P. FERNANDEZ, C. PEREZ CONDE, A. M. GUTIERREZ and C. CAMARA* 

Department of Analytical Chemistry, Faculty of Chemistry, Complutense University, 
28040 Madrid, Spain 

(Received 16 August 1988. Revised 16 November 1988. Accepted 19 April 1989) 

!Smnmary-Several mineralization procedures have been evaluated for use in conjunction with a method 
to determine zinc in milk, eggs, water and whole diets, based on the formation and extraction into diethyl 
ether, of Zn-5,7-dibromo-8-quinolinol. The results were compared with the known contents of standard 
samples or those obtained by flame atomic-absorption spectrometry. The most satisfactory procedure 
employed digestion with acid mixtures to destroy organic matter, and yielded a detection limit of 0.3 mg/kg 
for Zn. 

The importance of zinc in the human organism is well 
established. As it mainly enters the body through 
ingestion of food, its determination in diets forms an 
essential part of studies on human nutrition. In an 
earlier work’ we described a new fluorometric method 
for the determination of zinc, based on extraction of 
its 5,7-dibromo-8-quinolinol complex into diethyl 
ether. As a follow-up a number of mineralization 
procedures have been assessed in terms of speed and 
recovery, to tid the most suitable one for use in 
conjunction with the fluorometric method. 

EXPERIMENTAL 

Apparatus 
Fluorescence measurements were made with a 

Perkin-Elmer MPF-44A spectrofluorometer with l-cm sil- 
ica cellg and a xenon-arc source. Slit-widths were adjusted 
to give a lo-nm band-pass in both the excitation and the 
emission monochromators. 

A Perkin-Elmer 2380 atomic-absorption spectrometer 
equipped with a zinc hollow-cathode lamp operated at 20 
mA was used for all determinations. The signals were 
recorded on a Perkin-Elmer 56 recorder, set at the 1OmV 
range. 

Wet mineralization was conducted in a PTFE pressure 
bomb or in an open container heated on a hot-plate or 
in an aluminium block. Dry ashing was by means of a 505 
LFE (1356 MHz) low-pressure induced radiofrequency 
oxygen plasma apparatus, or by heating in a muffle furnace 
at 500”. 

Reagents 
All chemicals were of analytical reagent grade. Water 

from a Milli-Q water system was used throughout. 
Zn(II) stock solution (1.12 x 10-ZM) was prepared by 

dissolving the appropriate amount of zinc nitrate in water, 
and standardixed by EDTA titration. Working standard 
solutions were prepared daily by diluting the stock solution. 

Also used were 0.5% 5,7-dibromo-8-quinolinol (HBQ) 
solution in acetone and 2.5M hexamethylenetetramine 
(HMTA) buffer solution acidified to pH 6.0 with perchloric 
acid. 

*To whom correspondence should be addressed. 

Sample digestion 
The following mineralization procedures were used for 

eggs, milk powder, drinking water and whole diet samples. 
Dry ashing. Dry ashing was performed as follows. 
(a) Approximately 0.5 g of whole diet sample was 

weighed accurately and ashed in a radiofrequency oxygen 
microwave plasma apparatus at 125”, 50 ml/mitt oxygen 
flow and 0.7 mmHg pressure, which ensured the complete 
elimination of organic material without loss of analyte. The 
residues obtained were about 6% of the initial weight of H-9 
whole diet samples and 7% of TDD-1 whole diet samples. 

@I) About 0.25g of sample was weighed into a small 
porcelain capsule and kept in a mufEe furnace at 500” for 
2 or 12 hr. 

The residues obtained by procedures (a) and (6) were 
treated in the same manner by dissolving them in 0.5 ml of 
concentrated nitric acid and diluting to volume in a 254 
standard flask with water. 

Wet mineralization. The procedures for wet mineralix- 
ation of samples were as follows. 

(a) About 0.25 g of sample was accurately weighed into 
a 50-ml glass beaker and 5 ml of HClO,: H,SO,: HNO, 
(1: 1: 3) mixture were added. The sample was digested on a 
hot-plate at about 300” until first brown, then white, fumes 
appeamd2 Once the sample solution had turned black, 
concentrated nitric acid was added drop by drop until a 
completely clear, colourless solution was obtained. This was 
done to ensure that the organic material had been com- 
pletely removed. The excess of nitric acid was then removed 
by heating the sample until white fumes of perchloric acid 
appeared. 

(b) Samples weighing about 0.25 g were placed in boro- 
silicate glass tubes that fitted snugly into holes bored in 
an al&nium block, and then- a 1.6ml volume of 
HClO,: H,SO.: HNO, (1: 1: 3) mixture was added to each. 
The sampies were digested by heating the altinium block 
at 200” for 2 hr. 

(c) Three different oxidizing acid systems (i) nitric acid, 
(ii) HNO,-HClO, (5: l), and (iii) HNO,-HsSO,-HClO, 
(3 : 1: l)] were used for digestion of the sample in a PTFE 
pressure bomb. About 0.25 g of sample was weighed 
accurately into a PTFE vessel and 0.5 ml of one of the acid 
systems was added. The PTFE pressure bomb was placed in 
a freezer at -20” for 30min, then heated at 80” for 1 hr, 
after which it was heated at 110” for 5 hr. The reason for 
the initial freezing step was to contract the bomb in order 
to ensure a perfect hermetic seal on subsequent heating.’ 

960 
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The digestion products from procedures (a), (b) and (c) 
were then treated in the same manner by transferring the 
cold solution to a ZS-ml standard flask and diluting to the 
mark with water. A reagent blank was prepared in parallel. 

Sample analysis 
Fluorometric method. A 2-ml portion of sample solution, 

or a volume containing more than 0.109 pg of zinc, was 
transferred to a lO-ml test-tube and 300 peg of fluoride (to 
remove calcium and iron interferences), 0.5 ml of HBQ 
solution, 2 ml of buffer solution, several drops of ammonia 
solution (1 + 1) (to neutralize excess acidity), water to give 
a volume of 5 ml, and finally 5 ml of diethyl ether were 
added, after which the test-tube was stoppered and shaken 
for 3 min. The phases were allowed to separate, and the 
fluorescence intensity of the organic phase was measured at 
550 nm with excitation at 410 nm. 

A calibration graph was prepared, covering the range 
0.020-1.0 pg/ml Zn, by following the same procedure. 

Jlame atomic-absorption method. The amount of Zn in the 
samples was determined at 213.9 mn by means of the 
standard additions method, in the Zn range 0.05-0.2 pg/ml, 
with an air-acetylene flame. 

IULWLTS AND DISCUSSION 

Analytical characteristics of the @orescent complex 

The complexation of zinc by 5,7-dibromo-&quino- 
linol results in the formation of an ether-extractable 
fluorescent product that has a metal : ligand stoichio- 
metric ratio of 1: 2, and gives maximum fluorescence 
emission at 550 mu when excited at 410 nm. 

The calibration graph shows a linear relationship 
between fluorescence intensity and Zn(I1) concentra- 
tion up to 1 .O ppm Zn. The detection limit is 6 ng/ml 
as given by the equation CL = K&/S, where K is a 
numerical factor (in this case 3) chosen according to 
the confidence level desired, S,, is the standard devi- 
ation (10 measurements) of the blank measurements, 
and S is the sensitivity of the calibration graph. The 
precision for 10 determinations of Zn(I1) at the 0.5 
ppm concentration level was 2.1%.’ 

Interferences 

The presence of organic material was found to be 
one of the main causes of interference. Its complete 
removal was thus essential for the fluorometric 
determination of zinc. 

As acid mixtures are frequently used for sample 
mineralization, the effect of nitric, sulphuric and 
perchloric acids in the concentration range 0-1M on 
the fluorescence emission intensity was studied with 
a 0.2 pg/ml Zn solution and a parallel blank. The 
results, Fig. 1, show that both the sample and blank 
emission intensities increase with increasing concen- 
tration of nitric or sulphuric acid, but remain con- 
stant with increasing perchloric acid concentration, 
the net sample fluorescence intensity therefore being 
constant over the acid concentration interval studied. 
Thus, the acid concentration has no significant effect 
on the method but it is recommended that it be kept 
below 0.5M to ensure low blank signals. 

At the concentration used in the sample mineral- 
ization procedure, the acid mixtures showed no 

2 

1 

I I I I I I 

02 0.4 0.6 0.8 10 

[Acid], M 

Fig. 1. Effect of acid concentration on fluorescence intensity; 
A HNO,, Cl HClO,, 0 H,SO,, --- blanks, - sample 

(net signal). 

significant differences in regard to their effect on the 
emission intensity of the Zn-dibromo-oxine complex. 
Iron and calcium were the main interferents in the 
samples analysed. A concentration of iron twice that 
of the zinc can be tolerated if an excess of reagent is 
added that is equal to 150 times the concentration of 
the zinc. The interference of calcium, up to a concen- 
tration 350 times that of the zinc can be eliminated 
by the addition of fluoride to precipitate calcium 
fluoride. 

Selection of sample mineralization procedures 

Different IAEA-certified standard samples of 
milk powder (A-l l), whole diets (H-9 and TDD-1) 
and animal muscle (H-4), were studied to identify 
the mineralization procedure most suitable for zinc 
determination by the proposed fluorometric method. 

Sample mineralization in a PTFE pressure bomb 
resulted in a yellow colour with all three acid systems, 
indicating that the organic material had not been 
completely destroyed. Also, a drastic decrease in 
analytical signals was noted. Therefore, this pro- 
cedure is not recommended for use with fluorometric 
determination of the zinc. 

The use of the oxygen plasma gave promising 
results for the mineralization of several biological 
samples. Nevertheless, drawbacks such as the high 
cost of the apparatus, the excessive mineralization 
time (36 hr) and the small number of samples that can 
be mineralized in a single analytical run, make it 
unsuitable for routine laboratory use. 

Mineralization by dry ashing at 500” for 2 hr gave 
complete destruction of organic material in the sam- 
ple and yielded satisfactory results when zinc was 
determined by both the fluorometric and flame 
atomic-absorption methods. 

Dry ashing at 500” for 12 hr resulted in losses of 
about 15% of the zinc by volatilization. 
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Table 1. Zinc content of biological standards, found with use of various mineralization methods (mean and coefficient of 
variation, CV, for 6 determinations) 

Mineralization 
method Sample 

Fluorometric 
method AAS method 

Zn, !Jglg CV, % Zn, m/g cv, % 

Certified 

Zn, Irglg Cv, % 

PTFE 
pressure bomb 

Radiofrequency 
oxygen plasma 

Dry ashing 

4-H muscle 
A-11 milk powder 

H-9 diet 
TDD-1 diet 

A-11 milk powder 

Hot-plate 

Aluminium block 

H-4 muscle 
A-l 1 milk powder 

A-11 milk mwder 

* 
* 

28.6 6.9 
16.9 3.6 

39.9t (2) 4.0 

33.36 (3) 2.8 

88 5.1 
37.2 6.2 

38.6 4.4 

86 4.6 86 3.5 
- 38.9 4.1 

- 27.6 7.9 
17.1 0.6 - 

39.8t (2) 2.7 
38.9 4.1 

34.4 (3) 4.9 
- 86 3.5 

37.0 2.4 38.9 4.7 

- 38.9 4.7 

*Unsatisfactory results. 
tAshing time 2hr. 
§Ashing time 12 hr. 

Table 2. Zinc content in food samples (mean and CV of 6 determinations) 

Sample 

Water 
Whole milk powder 
Skimmed milk powder 
Untreated milk* 
Eggs 

Fluorimetric method AAS method 

Zn, pglg CV, % Zn, &g Cv, % 

0.13 2.3 0.14 5.7 
29.6 5.4 30.7 I.5 
32.8 1.5 31.0 4.5 
35.2 3.1 36.3 5.5 
54.0 4.0 54.1 6.6 

*Freeze-dried sample. 

Wet mineralization by heating on a hot-plate or in 
an aluminium block gave complete destruction of fats 
and other materials and satisfactory zinc analyses. An 
aluminium block has several advantages over a hot- 
plate: (a) it is faster, (6) it gives complete digestion 
in l/2 hr compared to 2 hr on a hot-plate, (c) it 
consumes less acid (about l/3), which lowers the risk 
of contamination, (d) it is cheaper, and (e) less 
attention is required from the analyst. These advan- 
tages are due to a more even distribution of the heat, 
which eliminates significant heat gradients and 
splashing of sample solutions. 

Sample analysis 

The results from all the procedures tested are 
summarized in Table 1. They show no significant 
differences at the 95% probability level betweeen (a) 
experimental spectrofluorometric results and certified 
values, and (b) experimental spectrofluorometric re- 
sults and the AAS method, except for dry ashing at 
500°C for 12 hr, where the significant differences at 
the 99% probability level suggest that under the 
conditions used this method results in errors. 

After the most suitable procedure (aluminium 
block + HN03-HClO,-H2S04 mixture) for sample 
analysis had been chosen, it was applied to different 
food items. The results are summarized in Table 2, 
which shows no significant differences at the 95% 
probability level between the spectrofluorometric and 

AAS methods. This demonstrates the validity of the 
proposed spectrofluorometric method. 

Conclusion 

The procedures giving the best results with the 
proposed spectrofluorometric method are: (a) low- 
pressure induced radiofrequency oxygen plasma; (b) 
dry ashing; (c) wet mineralization with heating in the 
aluminium block, with 3 : 1: 1 HNOa : HClO, : H,SO, 
mixture. Procedure (a) was discarded because of its 
high cost and long analysis time. The use of PTFE 
provides good results when applied in conjunction 
with atomic-absorption, but not with the spectro- 
fluorometric determination. The procedure proposed 
for routine analysis is therefore wet mineralization, 
with heating in an aluminium block. 
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Summary-An automatic stopped-flow method is proposed for the routine determination of microgram 
amounts of L-cysteine, based on its oxidation by 2,6dichlorophenolindophenol @PIP) in a weakly basic 
medium. The oxidation reaction is monitored by measuring the rate of the absorbance decrease at 
615 nm, the wavelength of the maximum absorption for DPIP. Under optimal conditions, the calibration 
graph is linear over the range 2-32 pg/ml and the detection limit is 300 n&ml. Most of the amino-acids 
tested have no effect on the rate of the oxidation reaction and are tolerated at high concentration levels. 
The sample throughput achieved, 80 samples per hr, allows the proposed method to be used for the routine 
determination of L-cysteine. 

Many of the methods available for the determination 
of L-cysteine are based on its oxidation by various 
oxidants, such as alkaline potassium permanganate,’ 
potassium ’ hromate,2 

z 
2-iodosobenzoate,3*4 etc. 

These metho are generally non-selective, as any 
other reductants present will also be titrated. The 
works cited reported the use of these reagents as 
general oxidative titrants for a variety of species. 

The present work reports a simple and rapid 
stopped-flow determination of L-cysteine. The 
method is based on the oxidation of this amino-acid 
by 2,6-dichlorophenolindophenol (DPIP); the con- 
centration of t.-cysteine in the sample is directly 
proportional to the rate of disappearance of the 
DPIP, which is monitored spectrophotometrically 
at 615 nm. Despite its use as an oxidant, DPIP has 
not hitherto been employed in the determination of 
L-cysteine, even in equilibrium methods. The kinetic 
character of the proposed method allows the deter- 
mination of L-cysteine with much greater selectivity 
than that attainable with the equilibrium methods 
reported so far. Only one reference has been found to 
the stopped-flow determination of L-cysteine, based 
on the reaction with 5,5’-dithiobis-(2-nitrobenzoic 
acid), monitored at 415 nm.’ 

EXPERIMENTAL 

Reagents 
All chemicals were of analytical-reagent grade. All dilute 

solutions were prepared immediately prior to use. L-Cys- 
teine solutions (8.3 x lo-‘M) were prepared daily by dis- 
solving 100.0 mg of L-cysteine (Sigma) in 100 ml of distilled 
water. A stock solution of 2,6-dichlorophenolindophenol 
(1.15 x 10e3M) was prepared by dissolving 50.0 mg of 
DPIP (Merck) in 100 ml of ethanol/water mixture (1: 1 v/v). 
The O.OSM tris(hydroxymethyl)aminoethane (Tris) buffer 
@H 8.5) was prepared by dissolving 6.64 g of sodium 
chloride and 6.05 g of Tris in about 850 ml of distilled water, 
adjusting the pH-to 8.5 with 1M hydrochloric acid and 
diluting to 1 litre with distilled water. All solutions were 
stored in a refrigerator to minimize degradation. 

Apparatus 
A Perkin-Elmer 575 spectrophotometer furnished with 

a stopped-flow and mad-out system designed for kinetic 
measurements and described elsewhere6 and a Radiometer 
PHM62 pH-meter equipped with a combined glass-&omel 
electrode were. used. 

Procedure 
The sample and reagent solutions were mixed in the 

stopped-flow cell by simultaneous injection from two drive 
syringes, one hlled with a sample solution containing be- 
tween 2.0 and 32.0 &ml L-cysteine and the other with a 
solution prepared by mixing in a 25-ml standard flask 10 ml 
of 1.5 x 10m3M DPIP and making UP to the mark with Tris 
buffer solution. The reaction was-monitored at 615 nm and 
the temperature was kept constant at 45 f 0.1”. The com- 
puter system recorded the full signal vs. time curve and 
calculated the initial rate (over a period of about 5 set) and 
the concentration of the amino-acid. 

RESULTS AND DISCUSSION 

2,6-Dichlorophenolindophenol is widely used as an 
oxidant in titrations, particularly for the determina- 
tion of ascorbic acid.’ In this work we have studied 
the performance of this reagent in the oxidation of 
L-cysteine in weakly basic medium. As the leuco-form 
of DPIP is colourless, kinetic-based measurements 
can be made by monitoring the absorbance at 615 
nm, the wavelength of maximum absorption for 
DPIP. Figure 1 shows a typical kinetic curve obtained 
when this oxidation reaction is performed by the 
stopped-flow technique. The slope of the initial linear 
portion of the curve (initial rate) is proportional to 
the L-cysteine concentration in the sample. 

Eflect of variables 

To optimize the conditions, the concentrations of 
the reactants in the solutions in the syringes (twice 
the concentrations in the reaction mixture at zero 
reaction time) were varied one at a time, with the 
others kept constant, and the initial rate was 
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20 0 10 

Time (set) 

Fig. 1. Typical absorbance LX time plot for 
the oxidation of L-cysteine (1.2 x 10m4M) with 
2,6_dichlorophenolindophenol. Experimental con- 

ditions as described in text. 

measured for each combination. The log-log plots of 
the initial rate against the initial reagent concentra- 
tion were linear, and the slopes yielded the reaction 
orders. The optimum concentrations were taken as 
those for which the relative standard deviations of 
the initial-rate measurements were minimal, i.e., 
those concentrations at which the reaction order 
with respect to the variable concerned was as close 
to zero as possible, so that small variations in the 
concentration would not appreciably affect the initial 
reaction rate. 

The initial rate was found to vary linearly with 
temperature over the range 20-50” and a temperature 
of 45 &- 0.1” was chosen in order to increase the 
sensitivity of the determination. The plot of log 
(initial rate) vs. reciprocal of the absolute temperature 
yielded an activation energy of 14.1 M/mole. 

(al 

Table 1. Reaction orders in the oxidation of 
L-cvsteine 

Dependence of Concentration 
initial rate on range, M 

y&00* 3.1 1.0 x x 10-9-1.0 10-9-3.1 x x lo-’ 1o-9 

lKg 5 . 0 x lo-‘*-1 3.&4:5 0 x x IO-9 1o-4 
@PIPjo 

[L-Cysteine] 
>6.0 x 1O-4 

1.5 x 10-5-2.5 x 1O-4 

The graph illustrating dependence of the initial rate 
on pH shows a zero-order region in the apparent pH 
range 8.5-9.0 (Fig. 2a). Hence 0.05M Tris buffer (pH 
8.5) is used. At this pH the L-cysteine carboxyl group 
will be fully dissociated, and at higher pH the rate 
may be affected by the dependence of the redox 
potentials of the two reactants on pH. The DPIP 
solution in the reagent drive syringe is buffered at this 
pH by the Tris, and the L-cysteine solution in the 
other drive syringe, although very slightly acid, is so 
dilute that it will cause practically no change in the 
DPIP solution pH when equal volumes of both 
solutions are mixed in the stopped-flow cell. 

The influence of the DPIP concentration on the 
analytical signal is illustrated in Fig. 2b. The initial 
rate increases with increasing DPIP concentration up 
to 4.5 x lo-‘M, and the reaction becomes nearly 
zero-order with respect to DPIP at concentrations 
above 6.0 x lo-‘M, but higher DPIP concentrations 
result in higher initial absorbance values and hence in 
larger measurement errors. That is why a DPIP 
concentration of 6.0 x lo-‘M was selected. As the 
DPIP solutions were prepared in an ethanol/water 

-medium, the influence of the ethanol concentration 
was also tested. Varying the ethanol concentration 
between 20 and 50% v/v did not affect the reaction 
development, and 1: 1 v/v ethanol/water medium was 
selected as optimum for preparation of the DPIP 
solution. 

I I I I 
9 11 3 6 

PH 

Fig. 2. Dependence of the initial rate on (a) pH and (b) DPIP concentration. [L-Cysteine] = 3.0 x lo-‘M. 
For details see text. 
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Table 2. Analytical features of the methods 

Method 

Feature Initial rate Absorbance 

Dynamic linear range 2.0-32 /&ml 2.0-32 pg/ml 
Analytical sensitivity 1.8 x lo-) ml./4g-‘.sec-’ 3.4 x 10-Z ml/jig 
Detection limit 0.32 &ml 0.41 fig/ml 
Precision (RSD) 1.5% 1.7% 
fiamnle throughnut 8O/hr 30lhr 

Table 3. Tolerance limits for amino-acids in the stopped- 
flow determination of 8.0 pg/ml L-cysteine 

Tolerance mass 
ratio of 

amino-acid 
Amino-acid to kcysteine 

Serine, valine, leucine, tyrosine 
isoleucine, phenylalanine, tryptophan 100 

Cystine, threonine 50 
Methionine 10 
Glutathione 2 

Under these optimal reaction conditions, the 
reaction rate was linearly dependent (first-order) on 
the L-cysteinetconcentration from 2.0 to 32 pg/ml 
(1.5 x 10+2.5 x 10-4M). 

From the kinetic relationships listed in Table 1 the 
rate equation under the chosen working conditions is 

- d[DPIP]/dt = k [L-cysteine] 

where k is the pseudo first-order rate constant. 

Stopped-flow &termination of L.-cysteine 

The absorbance vs. time curves for different con- 
centrations of Lcysteine under the optimum condi- 
tions were analysed by two methods: initial-rate 
(kinetic mode) and absorbance (equilibrium mode). 
In the latter, the analytical signal corresponded to the 
difference between the initial absorbance (t = 0) and 
the absorbance when all L-cysteine had reacted 
(t = 00). 

The features of both methods are summarized in 
Table 2. The analytical sensitivity was taken as the 
slopes of the calibration plot, the detection limit was 
calculated by the IUPAC procedure,9 the precision 
(expressed as the relative standard deviation) was 
determined by analysis of 11 samples each containing 
6.0 x 10m5M L-cysteine, and the sample throughput 

was calculated from the time required for three 
replicated analyses, including changing the sample 
solution in the drive syringes of the stopped-flow unit. 

Both methods have similar analytical features but 
the initial-rate method is recommended for routine 
determination of L-cysteine, on account of the higher 
sampling rate. 

The effect of other amino-acids was examined 
and the tolerance limits found are given in Table 3. 
These amino-acids were added at a maximum level 
of 800 pg/ml (lOO-fold mass ratio to L-cysteine), and 
the tolerance level was taken as the largest amount 
yielding an error smaller than f3.0% in the initial 
rate for 8.0pg/ml L-cysteine. The method is quite 
selective, as most of the amino-acids are tolerated at 
the maximum level tested and the sulphur-containing 
amino-acids, e.g., threonine and cystine, are tolerated 
at reasonable levels. Of the species tested only 
glutathione gave serious interference. 
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Summary-A nitrate-sensitive electrode based on the ionic associates between bis(triphenylphosphine)- 
iminium and nitrate ions in nitrobenxene solution is proposed. The electrode can be used for detennin- 
ations of lO+O.lil4 nitrate in aqueous solutions. 

Among the liquid-membrane electrodes of ion- 
exchanger type the nitrate-selective electrodes are 
particularly important. They are used for the determi- 
nation of nitrate in waterlJ or in plants.3 As counter- 
ions for use in nitrate-selective electrodes the 
following compounds have been used: co-ordination 
compounds [e.g., Ni(phen):+ , Ni(bathophen):+], 
quatemary ammonium salt&i0 and quaternary phos- 
phonium salts. 11-16 The cations of basic dyes, such as 
Brilliant Green, Malachite Green, Gentian Violet, 
Crystal Violet and pyronine’7-20 have also been pro- 
posed as ion-exchangers for use in liquid-membrane 
electrodes. In this paper the construction, the basic 
parameters and some results for the application of a 
nitrate-selective electrode based on bis(triphenyl- 
phosphine)iminium saltszl are reported. 

Bis(triphenylphosphine)iminium cations are for the 
tirst time applied as the membrane-active component 
for anion-sensitive electrodes. The large organic 
cation= 

(CJ%)P = N+ =P(C&), 

forms ion-pairs with some anions, and these pairs 
show a suf&ient degree of lipophilicity. 

The correlation between activity and potential is 
given by the semiempiric Nikolskii equation23 

E=E”f 
RT 
z MaA +&I’, a~) (1) 

EXPERIMENTAL 

In the application of electrodes of the liquid ion-ex- 
changer type it is important to stabilize the interface of the 
immiscible liquid phases in such a way that there is no 
change in spatial charge distribution. Therefore for the 
nitrate-selective electrode an electrode body was used in 
which the organic phase containing the liquid ion-exchanger 
was stabilized in the pores of a porous unglazed disc. 
Losses of the exchanger liquid are compensated by repeated 

*Author for correspondence. 

addition from a reservoir.‘s~u After each measurement the 
active surface is renewed by draining off the liquid mem- 
brane. Such replenishment of the electrode ensures a repro- 
ducible and non-poisoned membrane surface. The internal 
fllling solution was a 10e3M chloride aqueous solution (for 
the Ag/AgCl internal reference electrode), I, 

The external reference electrode was a saturated calomel 
electrode (Forschungsinstitut Meinsberg, GDR). For poten- 
tial measurements, which were made at 25 f I”, a MV 85 
pa-meter (VEB Priicitronic, Dresden, GDR) was used. 

A GB SON glass pH-electrode and an Ag/AgCl reference 
electrode (both from Forschungsinstitut Meinsberg, GDR) 
were used for pH measurements. 

For calibration, the stock O.lM chloride solution was 
serially diluted with doubly distilled water; these solutions 
were prepared shortly before the measurement. The purity 
of the salts was “pro analysi”. 

Preparation of the membrane solution 
The ion-exchanger for the determination of nitrate-ion 

activity was prepared by shaking 20 ml of lo-‘M aqueous 
bis(triphenylphosphine)iminimn chloride solution” and 2 
ml of 1M aqueous potassium nitrate solution with 20 ml of 
nitrobenxene (purified by shaking with 20% v/v sulphuric 
acid, separation of the phases, and washing of the organic 
layer twice with water) for 5 min in a 1004 separatory 
funnel. The organic phase was washed three times with 
water and finally allowed to settle until the solution became 
completely clear. The exchanger was then ready for use. 

Calculation of ion activity 
According to the recommendations of IUPAC? the basic 

parameters of the ion-selective electrodes (calibration curve, 
detection limit, pHdependence, selectivity, response time) 
were determined. For conversion of the concentration c,, of 
singly-charged ions into the activity a,, the equation 
a, =fAcA was used. The activity coefficientf, was calculated 
from the extended DebytHtickel equation 

log;* = - !?zg 
l+Jr 

and the ionic strength I. 

Calculation of the selectivity coejjkients 
The potentiometric selectivity coefficient k$$ was evalu- 

ated from separate measurement of the potentials of pure 
solutions of the ion of interest and the interfering ion, 
re~pectively.~~ The activities in both solutions (as = aA) were 
0.1 and O.OlM. These activities were chosen because earlier 
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investigations’9a26 had shown that in this range the emf 0s. 
activity plots for nitrate and other univalent ions are 
parallel. The measurements of the potential were repeated 
several times, always with a renewed membrane surface. 

Determination of the limit of detection 

From the calibration graph for the electrode investigated 
the limit of detection (a,) was calculated from equation (3) 
and values measured in the non-linear range of the curve: 

E=EO-&log 
L7*+&X$ 

2 
(3) 

where E” is the electrode potential at aA = 1M and .S, is the 
slope of the linear section of the calibration curve. 

The solutions used for calibration were made only from 
the sodium or potassium salts of the anions considered. 

RESULTS AND DISCUSSION 

The potential of the nitrate ion-selective electrode 
is described by the Nemst equation. The experimen- 
tally observed values for the cell 

at different @rate activities are given in Fig. 1. 
In the activity range from 10e5 to O.lM the poten- 

tial of the membrane electrode depends linearly on 
log a,,?. The slope is 58.1 mV per decade at 25”. The 
linear range of the electrode response depends on the 
concentration of the electroactive compound in the 
liquid membrane. 

With decreasing concentration of the exchanger the 
detection limit is improved.” At exchanger concen- 
trations less than 10e4M the response time increases, 
however. At constant nitrate activity the electrode 
potential does not depend on pH in the range from 
2 to 10 (Fig. 2), because of the weak basic properties 
of the nitrate ion. 

Constant values for the potential of the nitrate- 

400 - 

1 300 - 

z 
W 

200 - 

8 7 6 5 4 3 2 1 

Pa NOj - 
Fig. 1. Calibration curve for the nitrate electrode. Potential 

(us. SCE) is plotted against pa,r . 

selective electrode are achieved within 1 set for 
10-3-0.1M solutions, within 2 min for 10-5-10-4M 
solutions, whereas for solutions below 10e6A4 2-5 
min are necessary. 

The reproducibility of the potential values was 
+0.5 mV (10-4-0.1M) and fl mV in the activity 
range from 10e5 to 10m4A4. The limit of detection was 
pun= 6.1. 

The selectivity coefficients determined are listed in 
Table 1. Clearly nitrate-sensitive electrodes based on 
bis(triphenylphosphine)iminium salts can be built 
which meet all requirements for such potentiometric 
sensors. 

400 

t 
1 0-5M 

We-o 4-o-o---0 --o----o-~* 

d 
300 - 

z 
1 O-4 M 

0-4--O-_0--_0-O .@oo 

W 

I 
10-3M '09 

@-c-o-4-o----o-o--v -o-_o--op* 

200 

2 4 6 8 10 12 

PH 7 

Fig. 2. Electrode response as a function of pH for different nitrate activities. 
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Table 1. Selectivitv coefficients 11. 

Anion B 

SC)- 
g/-m; 

NO, 
Br- 
I- 
Salicylate 
SCN- 
ReO; 
ClO; 
IO,- 

k!T&,s- 
-4.36 
-4.22 
-2.35 
-1.36 
-0.86 

1.30 
1.31 
1.80 
3.15 
3.18 
3.20 
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Slmun;uy-Equations are proposed for predicting the width of a FIA peak when a sample injection 
volume of 300 ~1 is used. The equations for both spectrophotometric and inductively coupled plasma 
emission spectrometric detection are similar. 

In FIA thedry, expressions for peak width, such as 
baseline-to-baseline time, are of practical value in the 
design of FIA manifolds, for automated analysis 
of environmental water samples, for example. 
Vanderslice et al.’ provided an expression for base- 
line-to-baseline time from numerical integration of 
the diffusion-convection equation. Gbmez-Nieto 
et al.* developed an experimental approach for deter- 
mining an expression for baseline peak-width and the 
present paper essentially describes an extension of 
that work. Vanderslice et al.’ took the sample injec- 
tion volume as 2 ~1, while Gbmez-Nieto et al.* used 
a sample injection volume of 30 ~1. In the analysis of 
water samples by FIA methods, sample injection 
volumes in excess of 200 ~1 may be required3*’ in 
order to obtain sufficient sensitivity. 

Our aim was to develop an expression for peak 
width at half, one-third, one-tenth and one-fiftieth 
peak height, as well as baseline peak width, by using 
the experimental approach suggested by Gbmez- 
Nieto et al.2 but for a 300-~1 injected sample volume. 

, A simple FIA configuration was used with either 
spectrophotometric or inductively coupled plasma 
(ICP) emission spectrometric detection of the analyte, 
which was the diaquatetra-aminecopper(I1) complex. 

EXPERIMENTAL 

Reagents 
Analytical grade reagents were used. Copper stock sol- 

ution A (O.OlM) was prepared by dissolving 1.596 g of 
anhydrous copper sulphate and 10.70 g of ammonium 
chloride in 500 ml of demineralized water, adding 16 ml of 
13M ammonia solution and making up with water to 1 litre. 

Copper stock solution B (O.OOlM) was prepared by 

dissolving 0.1596 g of anhydrous copper sulphate and 5.35 
g of ammonium chloride in 500 ml of demineralized water, 
adding 8 ml of 13M ammonia solution, and making up with 
water to 1 litre. 

Two blank solutions, corresponding to stock solutions A 
and B and containing ammonium chloride and ammonia, 
but not the copper sulphate, were also prepared, to serve as 
carrier and wash solutions. 

Apparatus 
The FIA manifold is shown in Fig. 1. Two sets of 

measurements were made, one with an LKB Novaspec 
spectrophotometer with a Helhna 178.011-05 flow-cell hav- 
ing a chamber volume of 30 pl and an inlet dead volume of 
147 ~1, the other with an ARL 34000 ICP Quantometer 
fitted with an ll-ml cloud chambezS The carrier solution 
was propelled with a Gilson Minipuls 2 peristaltic pump. A 
second Gilson Minipuls 2 pump was used to aspirate the 
sample/wash solutions from a Cenco 345.17.700 sampler, 
through the 300-p 1 sampling loops of a Carle 2013 sampling 
valve. The sampler and sampling valve were activated by a 
laboratory-made electronic timer. The sample uptake rate 
was adjusted to 6.3 ml/min. The FIA peak proties were 
recorded on a Hitachi 056-1002 potentiometric recorder, 
peaks being recorded in triplicate. 

Copper stock solution A was used as the sample solution 
when the spectrophotometer was employed as detector, the 
wavelength being set at 600 nm; copper stock solution B was 
used as the sample solution when the ICP spectrometer was 
employed as detector; the wavelength of the copper channel 
on the spectrometer was 327.40 nm. The plasma was 
operated at a radiofrequency power of 1.25 kW. Argon gas 
flow-rates to the torch were 11.0,0.40 and 0.40 l&in for the 
outer, intermediate and inner gas flows respe&vely, at a 
gauge pressure of 340 kPa. 

The length L and internal diameter d of the tubing betwen 
the flow injection valve and the deteotor were in the ranges 
6240 cm and 0.38-1.19 mm respectively. Carrier flow-rate 
values, q, between 0.7 and 3.8 ml/min were chosen. As 
suggested by CSmez-Nieto et al.,2 at least five points were 
obtained for each variable, with the other two variables 
kept constant. The baseline width, width at one-ii!&&, 
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Fig. 1. FIA manifold used for peak-width evaluation. 

Table 1. Experimental and calculated data for the FIA manifold in Fig. 1, with spectrophotometric detection 

Experimental Calculated 

Q> d, Ars, At,*, Atlo, At,, At,, Ats, A‘,, At,,, *r,, Ar,, 
mllmin mm L., m set set set set set set set see set see 

2.2 
2.6 
3.0 
3.4 
3.8 
2.2 
2.6 
3.0 
3.4 
3.8 
2.2 
2.6 
3.0 
3.4 
3.8 
2.2 
2.6 
3.0 

:.;: 
212 

::: 

:.;: 
0:7 
1.0 
1.4 
1.8 

;: 
3:o 
3.4 
3.8 

:?i 
3:o 
3.4 
3.8 
2.2 
2.6 
3.0 
3.4 
3.8 
2.2 

::: 

1.19 100.0 
1.19 100.0 
1.19 100.0 
1.19 100.0 
1.19 100.0 
1.02 100.0 
1.02 100.0 
1.02 100.0 
1.02 100.0 
1.02 100.0 
0.86 100.0 
0.86 100.0 
0.86 100.0 
0.86 100.0 
0.86 loo.0 
0.58 100.0 
0.58 loo.0 
0.58 100.0 
0.58 100.0 
0.58 100.0 
0.38 100.0 
0.38 100.0 
0.38 100.0 
0.38 100.0 
0.38 100.0 
1.02 
1.02 Z8 
1.02 
1.02 ZZ:8 
1.02 
1.02 ::8 
1.02 
1.02 ::8 
1.02 60.0 
1.02 80.0 
1.02 80.0 
1.02 80.0 
1.02 80.0 
1.02 80.0 
1.02 160.0 
1.02 160.0 
1.02 160.0 
1.02 160.0 
1.02 160.0 
1.02 240.0 
1.02 240.0 
1.02 240.0 
1.02 240.0 
1.02 240.0 

65 
64 
48 

z 
51 
45 
40 
33 
30 
56 
44 
51 
42 
34 
51 
45 
45 
42 
32 
40 

:: 

: 
159 
126 
91 

zl 
44 
38 

;: 
69 
60 
56 
54 
47 
79 
72 
64 
54 

:: 

:: 
64 
53 

62 43.6 
59 36.3 
43 32.0 
46 29.9 
38 26.5 
49 39.2 
42 33.5 
38 29.2 
32 24.7 
28 21.6 
45 30.3 
36 25.2 

:: 
21.2 
18.4 

27 15.1 
37 20.3 

:: 
16.7 
14.4 

23 12.3 

:; 
11.0 
17.6 

;: 
15.1 
12.9 

17 11.1 
17 10.0 

143 106.5 
112 82.9 
81 57.6 
60 43.0 

:; 
34.5 
27.2 

32 22.1 

;: 
18.7 
16.6 

61 43.4 
54 37.8 
47 32.3 
42 27.9 
36 24.0 
69 49.1 
59 42.0 
52 36.6 
46 33.2 
42 29.8 
78 59.1 
55 45.8 

42 5 
z 44:1 

27.3 
22.7 
19.6 
18.5 
15.6 
28.4 
24.3 
21.1 
18.1 
16.0 
18.9 
16.8 
13.9 
11.7 
9.5 

12.1 
10.7 
9.1 
8.2 
6.8 

10.5 
9.2 
8.4 

24 
71:8 
54.5 
36.7 
28.1 
21.2 
17.3 
14.0 
11.6 
10.3 
28.0 
24.7 
21.2 
18.1 
15.2 
35.1 
29.6 
26.1 
23.5 
21.2 
42.9 
35.0 
32.1 
30.1 

20.1 
17.2 
14.8 
14.2 
11.6 
23.5 
19.8 
17.4 
14.6 
12.7 
14.6 
12.8 
10.7 
9.1 
7.7 
9.5 
8.6 

::; 
5.4 
8.6 
7.4 
6.2 

:f 
55:s 
41.2 
26.7 
21.4 
15.5 
12.8 
10.4 
8.8 
7.5 

20.9 
18.3 
16.3 
14.2 
11.9 
28.8 
24.1 
21.2 
19.4 
17.8 
34.8 
28.2 
25.3 
24.8 

70 
60 
53 
47 
43 
65 
56 
49 
44 
40 
60 
52 
46 
41 
37 
51 
44 
38 

:: 
42 
36 
32 

:: 
157 
114 
84 
67 
56 
48 
43 
38 
35 
61 
53 
46 
41 
38 
74 
64 
56 
50 
46 
83 
72 
63 
56 
51 

64 
54 
47 
41 
37 
57 
48 
42 
37 
33 
50 
42 
37 

;; 

:; 
27 
24 
22 

t: 
20 
18 
16 

153 
106 
75 
58 

: 
35 
30 
27 
53 
44 
38 

:: 
68 
57 
50 
44 
39 
79 
66 
57 
50 
45 

47.0 31.8 
39.1 26.3 
33.4 22.4 
29.2 19.4 
25.8 17.1 
40.6 27.2 
33.8 22.5 
28.9 19.1 
25.2 (6.6 
22.3 14.6 
34.5 22.8 
28.7 18.9 
24.6 16.1 
21.4 14.0 
19.0 12.3 
23.7 15.3 
19.8 12.7 
16.9 10.8 
14.7 9.4 
13.0 8.3 
15.9 10.0 
13.2 8.3 
11.3 7.0 
9.9 6.1 
8.7 5.4 

113.1 74.5 
76.6 49.8 
53.0 34.0 
40.2 25.6 
32.3 20.4 
26.9 16.9 
23.0 14.4 
20.0 12.5 
17.7 11.0 
36.7 24.0 
30.6 19.9 
26.2 16.9 
22.8 14.7 
20.2 12.9 
50.1 35.3 
41.7 29.2 
35.7 24.9 
31.1 21.6 
27.5 19.0 
60.1 44.3 
50.0 36.7 
42.8 31.2 
37.3 27.1 

51 38.6 27.2 22.4 33.0 23.9 

24.7 
20.5 
17.4 
15.1 
13.3 
21.2 
17.6 
14.9 
13.0 
11.4 
17.9 
14.8 
12.6 
11.0 
9.7 

12.1 
10.0 
8.5 
7.4 
6.5 
8.0 
6.6 
5.6 

z 
56:l 
37.5 
25.6 
19.3 
15.4 
12.7 
10.8 

:*t: 
18:4 
15.3 
13.0 
11.3 
9.9 

28.5 
23.6 
20.1 
17.4 
15.4 
36.8 
30.4 
25.9 
22.5 
19.8 

*A!, = peak width at l/n fraction of peak height above the baseline. 
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one-tenth, one-third and half maximum peak-height were 
measured from the recorder chart. Recorder response-time 

equation (l), the equations which were obtained for 

was less than 0.1 sec. 
the manifold described in this paper were: 

Atx = 35&jo.444 L0.28Zq -0.893 (2) 
RFSULTS AND DISCUSSION 

for spectrophotometric detection and 
Baseline-to-baseline time 

Gomez-Nieto et al.’ proposed the following 
At, = 22J@.~LO.‘67 4 -0.888 (3) 

equation for baseline-to-baseline times: for ICP emission spectrometric detection. 

Atx = c~j7&293~0.107~1.057 
(1) 

The experimental data, giving the mean of the 
measured values together with the predicted values, 

where At, is the base width in set, and the units of are shown in Table 1 for spectrophotometric detec- 
the diameter d, length L and flow-rate q are mm, cm tion and in Table 2 for ICP emission spectrometric 
and ml/min respectively. By following the procedure detection. A difference which is immediately apparent 
suggested by Gomez-Nieto et al.’ of performing is that the exponent of q is negative in equations (2) 
multiple regressions for the logarithmic form of and (3) but positive in equation (1). Since perusal of 

Table 2. Experimental and calculated data for FIA manifold in Fig. 1 with ICP emission spectrometric detection 

Experimental Calculated 

4. d, At,, At,*, AI,,, AI,, At,, AL AI,, Al,,, At,, At*, 
mllmin mm L, cm set see set .W?C set set set see set set 

loo.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
60.0 
60.0 
60.0 
60.0 
60.0 
80.0 
80.0 
80.0 
80.0 
80.0 

160.0 
160.0 
160.0 
160.0 
160.0 
240.0 
240.0 
240.0 
240.0 
240.0 39.5 27.3 

*At” = peak width at l/n fraction of peak height above the baseline. 

2.2 
2.6 
2.9 
3.4 
3.8 
0.7 
1.2 
2.2 
2.9 
3.8 

4:: 
2.9 
3.4 
3.8 
2.2 
2.6 
2.9 
3.4 
3.8 
2.2 

g 
3:4 
3.8 
0.7 
1.2 
2.2 
2.9 
3.8 
0.7 
1.2 

g 
3:8 
0.7 
1.2 

22.; 
3:8 
0.7 
1.2 

1.19 
1.19 
1.19 
1.19 
1.19 
1.02 
1.02 
1.02 
1.02 
1.02 
0.86 
0.86 
0.86 
0.86 
0.86 
0.58 
0.58 
0.58 
0.58 
0.58 
0.38 
0.38 
0.38 
0.38 
0.38 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 

69 
65 
52 
43 
42 

165 
97 
64 
51 
43 

: 
29 
32 
22 
46 
48 
30 
34 
24 
46 
36 
28 
22 
30 

148 
91 
66 
46 
34 

156 
93 
63 
47 
36 

218 
114 
88 
53 
56 

:: 
92 
68 
64 

58 
58 
44 
37 
35 

158 
84 
55 
43 

: 
31 
24 
22 
18 
30 
28 
22 
21 
15 
26 
21 
18 
14 
14 

124 
71 
53 

:: 
142 
83 
47 

E 
213 
109 
70 
48 

2: 
119 
80 
65 
57 

44.3 
38.8 
30.9 
27.2 
23.9 

121.1 
64.6 
37.5 
27.5 
21.6 
25.1 
19.8 
16.4 
14.9 
12.8 
18.5 
15.5 
13.0 
12.0 
10.3 
15.6 
13.7 
11.8 
9.6 
8.9 

101.4 
53.8 
30.4 
21.0 
16.3 

107.1 
57.1 
34.1 
25.7 
18.4 

172.8 
85.6 
50.6 
38.9 
32.7 

187.7 
94.3 
61.0 
50.3 

28.2 
24.1 
19.1 
16.8 
13.9 
90.8 
46.6 
25.6 
18.7 
14.7 
16.6 
12.9 
10.9 
9.8 
8.9 

12.3 
10.7 
9.1 
8.3 
6.8 

10.6 
9.2 
8.1 
6.5 
5.9 

66.9 
35.4 
18.6 
12.5 
10.6 
74.9 
39.6 
23.4 
15.7 
12.5 

123.3 
61.9 
34.2 
27.8 
22.6 

119.9 
64.5 
43.1 
34.5 

20.9 
17.7 
13.9 
12.1 
9.5 

74.9 
38.5 
20.4 
15.1 
11.6 
13.5 
10.1 
8.8 
8.0 
6.8 
9.8 
8.7 
6.8 
6.0 
5.5 
8.8 
7.3 
6.1 
5.1 
4.7 

51.7 
27.9 
13.9 
9.6 
7.9 

58.3 
32.1 
17.9 
11.5 
9.3 

94.4 
47.9 
26.6 
22.1 
18.1 
96.2 
51.2 
33.7 
27.4 
23.1 

67 
58 
52 
46 
41 

172 
106 
62 
48 
38 
57 
51 
44 

:; 
47 
40 
36 

:; 
38 

:o’ 

;: 
142 
88 
51 
40 
32 

158 
98 
57 
45 

2: 
126 
74 
58 
45 

236 
146 
85 
67 
53 

45 

:: 
155 
92 
51 
39 
30 
44 
39 
34 
29 
26 
31 
27 
24 
21 
18 
22 
19 
17 
14 
13 

121 
72 
40 
31 
24 

139 
82 
46 
35 
27 

194 
115 
64 
49 

2:: 
140 

G 
46 

41.6 
34.9 
31.1 
26.3 
23.4 

120.0 
68.0 
35.9 
26.8 
20.2 
30.4 
26.6 
22.7 
19.2 
17.1 
20.8 
17.4 
15.5 
13.1 
11.7 
13.8 
11.6 
10.3 
8.7 
7.8 

89.4 
50.6 
26.7 
20.0 
15.0 

105.5 
59.8 
31.6 
23.6 
17.7 

157.4 
89.2 
47.1 
35.2 
26.4 

198.8 
112.7 
59.5 
44.4 
33.4 

27.5 21.0 
22.9 17.4 
20.4 15.4 
17.1 12.9 
15.2 11.4 
83.3 65.8 
46.3 36.0 
23.9 18.3 
17.7 13.5 
13.2 10.0 
20.4 15.8 
17.8 13.7 
15.1 11.6 
12.7 9.7 
11.2 8.6 
14.2 11.2 
11.8 9.3 
10.5 8.2 
8.8 6.9 
7.8 6.1 
9.6 7.7 
8.0 6.4 
7.1 5.7 
6.0 4.7 
5.3 4.2 

60.4 46.8 
33.5 25.7 
17.3 13.0 
12.8 9.6 
9.5 7.1 

72.4 56.7 
40.2 31.1 
20.8 15.8 
15.4 11.6 
11.4 8.6 

111.9 89.9 
62.2 49.2 
32.1 25.0 
23.7 18.4 
17.7 13.6 

144.5 117.6 
80.2 64.4 
41.4 32.8 
30.6 24.1 
22.6 17.8 
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the data given by Gomez-Nieto et al.* indicates an 
inverse relationship between q and A?,, and in a 
quotation of equation (1) the exponent of q was given 
a negative sign, we assume that the original positive 
sign* arose from an undetected error in the 
manuscript or the proofs. In the work reported here, 
equations (2) and (3) predicted the results of more 
than three-quarters of the experiments, with a relative 
error of less than 20%. 

Peak width above baseline 

Where peak width is measured above the baseline, 
expressions analogous to equations (l)-(3) may be 
derived. For peak width measured at one-fiftieth of 
the peak height above the baseline, Atso, in set, is 

Atso= 23&fl.745L0366q-l.022 
(4) 

for spectrophotometric detection, and 

At, = 11.7dO.BS9 LO.462 q -0.968 
(5) 

for ICP emission spectrometric detection. 

The corresponding equations for peak widths 
measured at one-tenth (Atlo), one-third (AtJ) and half 
(At*) of the peak height above the baseline (all in set), 
are: 

At,, = 12.0f19m Lo”48 q - Ls@S (6) 

Atlo = 5.67&‘.966 L”.577q -‘.oY (7) 
At, _ 4.97d’.0”L0.558q-1.130 

(8) 
At, = 3~0~0.9’8~0.629~-l.O91 

(9) 

At2 = 2.81d0.99’L0.6u1q-l.129 
(10) 

At, = 2~)~0.876~0.~~-1.116 
(11) 

where the first equation of each pair refers to spectro- 
metric detection, and the second to ICP emission 
spectrometric detection. 

Equations (4x11) predicted the results of more 
than three-quarters of the experiments, with a relative 
error of less than 20%. 

Expressions for peak width are of value in design- 
ing flow-injection manifolds for routine analysis of 
samples, because the peak width determines the maxi- 
mum analysis rate that can be achieved. As some 
peak overlap is permissible, equations giving near- 
baseline peak width are of practical value. ’ 

CONCLUSION 

The procedure* for establishing an expression for 
peak width was found to give equally satisfactory 
results when applied to a flow-injection manifold 
where the injection volume was ten times that used in 
the original work. Similar expressions were obtained 
for both spectrophotometric and ICP emission 
spectrometric detection. Predictive equations for 
peak width at various points above the baseline can 
be formulated analogously. 
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DETERMINATION OF FLUORIDE IN NATURAL 
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Summary-The most effective conditions for masking aluminium in the determination of pg/l. levels of 
fluoride in water by ion-selective electrode ~t~tiometry after ~-pr~pi~tion with cynic phosphate 
have been re-examined. The effectiveness of citrate for masking aluminium increases with pH, and up to 
1.5 x IO-*&I aluminium can be masked quantitatively at pH 8.5. Fluoride (5-100 pg in 500 ml of sample 
solution) is quantitatively co-precipitated at pH 4.7 with -90 mg of aluminium phosphate. After 
dissolution of the precipitate and adjustment of the solution to pIi 8.5 with TISAB, the fluoride content 
can be measured with a fluoride ISE. The method is simple and rapid, and is suitable for the dete~nation 
of trace amounts of fluoride in various water samples. 

Fluoride has often been determined by means of 
fluoride ion-selective electrodes (ISEs) because of 
their excellent selectivity. However, there are cases 
where the electrodes cannot be used directly, e.g., 
when the fluoride is at such a low level that it must 
be concentrated before determination, and when the 
samples contain appreciable amounts of interfering 
ions such as aluminium, iron and magnesium. 

We have already reported that trace fluoride in 
water samples can be determined by means of an ISE 
after quantitative separation by co-precipitation with 
aluminium phosphate,’ but those experiments were 
done under conditions of imperfect masking of the 
aluminium. 

In the determination of fluoride with an ISE in 
the presence of aluminium, release of the fluoride 
from its aluminium complex is essential and several 
masking agents such as citrate, sulphosalicylate, 
triethenolamine, 1,2-diaminocyclohexanetetra-acetic 
acid (DCTA) and phosphate have been suggested.2-‘4 
Nicholson and Duff” have compared the effective- 
ness of various masking agents. Recently, Yuchi et 
al.l6 studied the reaction between aluminium fluoride 
and citrate, and recommended using a higher pH, 
such as 7, for masking aluminium. 

The aim of the present study was to develop 
a method which could mask large amounts of 
aluminium and determine low levels of fluoride in 
natural waters after co-precipitation with aluminium 
phosphate. 

It was known that citrate can mask up to 
1.5 x 10V2M aluminium at pH 8.5 and that co- 
precipitation with aluminium phosphate is easily 
applicable to the dete~ination of ng/mI levels of 
fluoride in water. 

Reagents 

~PER~~TAL 

Standardfluoride solution, 1 mg Jml. Prepared from sodium 
fluoride dried at 120”. and further diluted as reauired. 

Total ionic strength ad~st~nt buffpr @ISA&. A l&f 
solution of t&odium citrate in IM ammonium chloride, 
adjusted to pH 8.5. 

Trisodium citrate solution, IM, pH 8.5. 
Aiwninium solution (5 mg/ml). Prepared from potassium 

al~ini~ sulphate. 
Phosphate solution @SM). Prepared from potassium 

dihydrogen phosphate. 
All reagents used were of analytical grade. 

Apparatus 
An Iwaki AOO8F fluoride ion-selective electrode and 

COOZ-MR saturated calomel reference electrode were 
used with a Coming type 130 ion-meter. A Toa Dempa 
HM-5A pH-meter with a glass electrode was used for pH 
m~uremen~. 

Procedure 
Calibration. Pipette a volume ($30 ml) of standard 

solution containing 5-1MH) pg of fluoride into a 
~lye~ylene beaker, adjust the pH to about 8.5 with _ l&f 
ammonia solution (by using phenolphthalein as indicator), 
transfer the solution to a 50-ml standard flask, add 10 ml of 
TISAB and dilute to volume with water. Measure the 
fluoride with an ISE at a convenient temperature [e.g., 
2&25”, but always the same temperature (within & 1 .O” ) for 
all rne~u~en~ of standards and samples]. 

Analysiis of samples. To 100-500 ml of the sample solution 
(accurately measured) containing 5-100 pg of fluoride, add 
4 ml of aluminium solution and 10 ml of phosphate solution, 
and adjust the pH to 4.7 f 0.3 with -O.lW ammonia 
solution. Heat the solution for about 5 min, then collect the 
precipitate (do not use a paper washed with hydrofluoric 
acid), dissolve it in about 5 ml of 2M hydrochloric acid, add 
10 ml of IM sodium citrate, adjust the pH to about 8.5 with 
1M ammonia solution, transfer to a SO-ml standard flask, 
and dilute to volume with water. Measure the fluoride with 
an ISE as above. 

973 
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RESULTS AND DISCUSSION 

Effect of pH on masking of aluminium 

Citrate is among the most commonly used buffer- 
ing agents and is often used as a masking agent. 
Measurement of fluoride with an ISE is usually done 
at pH below 8.0 because of interference by hydroxide. 

The influence of pH on the masking of aluminium 
with citrate was examined by use of TISAB. The 
electrode potentials observed in solutions with and 
without aluminium are presented in Fig. 1. 

The degree of masking of aluminium increases 
markedly with pH. TISAB can quantitatively mask 
20 mg of aluminium at pH 8.2-8.8. The ISE used 
gives a Nernstian relationship to fluoride down to 
5 x 10eSM at pH 8.5. 

Limits to masking of aluminium with citrate 

The complexation equilibria between aluminium 
and fluoride were studied. For simplicity, charges will 
be omitted below. If we assume that fluoride forms 
only mononuclear complexes with aluminium and 
that aluminium forms only a 1: 1 complex with 
citrate, the free fluoride concentration, [F&, may be 
obtained from 

[F]Ai = [AlF] + 2[AlF,] + - - - + 6[AlF,] 

= [AllU6Flr+ 282 Fl:+--+ f%Fl;) 

= X[Al] (1) 

where [F]Ar is the total fluoride concentration com- 
bined with aluminium, and the b values are the 
cumulative formation constants of the complexes. 

The maximum amounts of aluminium that can be 
tolerated under the conditions of the proposed 
method may be calculated as follows.i3-I6 

For satisfactory determination of the fluoride by 
ISE, less than 1% of it must remain bound to the 
aluminium, i.e., 

PIA, /PI, G 0.0 1 (2) 

Table 1. Calculated tolerance limits for aluminium in the 
presence of 0.2M citrate, for 99% recovery of fluoride 

[Al] tolerated, M 

[FJ’ Xf [;I* pH 6.0 pH 8.5 

1 x 10-r 1o7,3 lO-12.3 6.3 x 1O-4 0.2 
1 x 10-S 102.’ 10-W 1.0 3.2 x 102 

*Calculated from B values for O.lM ionic strength: 

aAIcLj = 109.’ at pH 6; lo”,6 at pH 8.5. 

Therefore, for the limiting condition [Fjf/[FIAI = 
100, the free aluminium concentration [Al] is 

[Al] = [F],/lOOX (3) 

If formation of mixed ligand complexes such as 
AlHLF, Al(OH)L etc. (where L represents the fully 
dissociated citrate ion) may be neglected, the for- 
mation constant for the aluminium citrate complex at 
pH 6-8 may be written asL3 

K:k = [AIL] [H]/[Al] [HL] = 1O3,8 (4) 

The side-reaction coefficient” for formation of 
citrate complexes of aluminium is 

GIAI(L) = (WI + W-IMAll = bW/[AlI 
= 1 + Ktk [HL]/[H] (5) 

Hence the concentration of aluminium ([Al]‘) that 
can be tolerated is given by [Al]’ = [F],cr,(,,/lOOX. 

The calculated concentrations of aluminium that 
allow 99% recovery of fluoride at pH 6.0 and 8.5 are 
shown in Table 1. 

The tolerable aluminium concentrations are larger 
at pH 8.5 than at pH 6.0, and at higher concentration 
of fluoride than at low, as pointed out by Shiraishi 
et al.” and Yuchi et a1.l6 for the pH region 6.0-7.0. 

The recovery of fluoride at pH 6.0 and 8.5 in 
the presence of various amounts of aluminium was 
examined, and the results are shown in Fig. 2. The 
recoveries at pH 6.0 agree with the results reported by 
Yuchi et alI6 The masking ability of citrate is 
markedly enhanced by increase in pH, and even 
at a concentration of 0.015M aluminium can be 

-lSO 7 
-120 

i 
> 
f-50 
w 

~_~::<::.:_o@~@wQ 
.* 

L ' ' ' 
0 6.0 7.0 8.0 

PH 
9.0 

Fig. 1. Effect of pH on masking of aluminium with 
TISAB (0.2M sodium citrate, 0.2M ammonium chloride). 
[F-l, rg/50 ml: - 100, - - - 10. 0, In the absence of Al. 

0; In the presence of 20 mg of Al. 

-6 -4 
109 CA1 

-3 -2 

Fig. 2. Efficiency of masking for aluminium with 
TISAB, expressed as recovery of (A) 1 x 10m3M fluoride, 

(B) 1 x 10-5M fluoride at pH 8.5 (0) and 6.0 (0). 
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Table 2. Effect of calcium and rna~esi~ ions 

Ion 

Mg 

Ca 

Concentration, 
Electrode potential, mV 

mg/so ml 10* NO* 1000* 

0 - 37.0 -96,l -155.4 
20 -35.6 -33.9 - 151.7 
40 -33.3 -91.1. - 149.1 
60 - 30.0 -88.0 - 146.1 

20 - 37.4 -96.0 - 146.8 
40 -37.5 -96.0 - 135.8 
60 -36.6 -95.6 - 126.9 

*Fluoride con~ntra~on~ pg per 50 ml. 

masked at pW 8.5 with citrate in the dete~inati~n of 
0.2-2.0 pg/ml fluoride (10-6-10-3M fluoride), as 
shown by the good agreement between calibration 
graphs for fluoride in this range in the presence and 
absence of 0.01&W aluminium. Therefore, when Low 
levels of Auoride are precon~ntrated by co-precipi- 
tation with aluminium phosphate, and the precipitate 
is dissolved, the aluminium can be effectively masked 
with citrate. Pickeringi reported that aluminium 
forms AlOHF with lo-‘M fluoride at pH 5-6 and 
AI(UH)rF with 10-5-10-3M fluoride at pH 6-S. 
Yuchi et aLi6 reported that citrate is more effective 
than DATA or EDTA for masking aiuminium, be- 
cause it does not form appreciable amounts of mixed 
ligand complexes with aluminium and fluoride at pH 
6.0. The amounts of aluminium experimentally found 
to be tolerable at pH 6.0 are very smafl compared 
with the calculate results; the reason for this may 
be the formation of mixed ligand complexes of 
aluminium, citrate and tfuoride. 

Effect of calcium and magnesium 

Calcium and ma~esium are usually present at 
comparatively high con~ntration in samples such as 
groundwater and sea-water. The effect of these ions 
on the direct measurement of fluoride in the presence 
of TISAB at pII 8.5 is reported in Table 2. The effect 
at lower pH was reported earlier.’ 

magnesium can be masked up to a ~n~ntration 

Table 3. Effect of calcium and magnesium ions after co- 
precipitation of fluoride 

Concentration, 
Electrode potential, m V 

Ion mg/ZS@ mi* lot roof rOO0t 

Mg - -37.0 -96.1 - 155.4 
100 - - 152.6 
20 -38.0 -94.5 - 159.9 
40 -38.3 -93.7 - 150.9 
60 -38.1 -93.8 - 151.1 

Ca 10 -154.0 
20 -37.6 -95.8 - is1.5 
40 -37.4 -95.6 - 152.0 
60 - 37.0 -96.0 - 151.7 

*In initial sample. 
tFluoride concentration, pg per 50 ml. 

of 10 mg in 50 ml of final solution, but the recovery 
of fluoride decreases at higher magnesia levels. 
Calcium up to 60 mg in 50 ml can be masked when 
the Auoride concentration is low, but the recovery 
decreases for higher concentrations of fluoride. If the 
fluoride is preconcentrated by co-precipitation with 
~uminium phosphate, however, the effect of these 
ions is much reduced (Table 3). The potentials when 
there is more than 10 mg of calcium or ma~esium 
in the 250 ml of sample solution are slightly low at 
high concentration of fluoride, but at low fluoride 
concentrations are slightly high but constant in the 
presence of up to 60 mg of each ion in the 250-ml 
sample. 

P~sumably these ions are removed during the 
preconcentration step. Hence fluoride in natural 
waters containing catcium or magnesium at high 
concentration can be determined satisfactorily by the 
proposed co-precipitation and ISE method. 

~eterm~ation of~~or~de in waters 

Fluoride in samples such as sea, tap, well and river 
waters was determined by the proposed method and 
the values found (Table 4) agreed well with those 
obtained by ion chromatography.‘7 

Sample 

Table 4. ~te~ination of fluoride ion in water samples 

Fluoride found* 

Proposed method Ion-chromatography” 

Mean, pg/ml RSD, % Mean, fig/ml RSD, % 

Sea-wafer 
Tsujido, Fujisawa City, Kanagawa 
Sajima Oki, Kanagawa 

Tap ulaler 
Kanda, Surugadai, Toky 
Totsuka ku, Yokohama, Kanagawa 

Well water 
Honmachi, Shibuya ku, Tokyo 

Luke wafer 
Abiko City, Chiba 

Kasumigaura, Tsuchiura City, 
Ibaragi 

I .09 
1.19 

0.055 
0.077 

0.0X 1, 

0.098 
0.101g 
0.177 
0.179t 

2.6 1.16 4.t 
1.6 1.13 9.7 

2.5 0.050 5.6 
2.7 0.07 7.1 

2.6 0.01 I, 

4.8 
3.1 

0.086 
0.089t 
0.155 
0.16t 

2.9 

7.3 
3.8 
1.5 
7.4 

*Five replicates. 
tFiltered through a membrane filter @ore size 0.4 pm). 
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ACID-BASE EQUILIBRIA IN BINARY WAT~R/OR~ANrC 
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DISSOCIATION OF CITRIC ACID IN WATER/DIOXAN AND 
WATER/METHANOL SOLVENT SYSTEMS AT 25” 
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Summary-The thermodynamic constants of citric acid were determined at 25” in ~ter/~ox~ and 
water/methanol mixtures with 10, 20, 30, 40 and 50% v/v organic co-solvent content. Simple relations 
allowing the calculation of pai of citrate buffer solutions are proposed (E$ being the hydrogen-ion activity 
referred to the standard state in the corresponding medium). The pa$ values of some citrate buffer 
solutions, suitable for s~ndardization, are reported. The pK values obtained are discussed in relation to 
the nature and composition of the solvent, as wall as the structure of the acid molecule. 

This paper is part of our research on the dissociation 
of weak acids in various water/organic solvent sys- 
tems,i-s with special reference to acid strength as a 
function of the solvent composition and the structure 
of the acid molecule. 

In a previous paper,3 we examined the ionic be- 
haviour of tartaric (H,T) and succinic (H,Sc) acids 
in various water/dioxan (H,O/diox) and water/ 
methanol (H,O/MeOH) solvent mixtures. This study 
indicated that these symmetry dicarboxylic acids, 
with the same length of carbon chain, were markedly 
different in ionic behaviour in both solvent systems. 
We explained this as due to assumed formation of 
intr~ol~~ar hydrogen bonds in the molecule of 
H2T with either of its hydroxyl groups, a possibility 
that cannot occur in the case of H,Sc. 

In an attempt to provide further experimental 
evidence in support of this assumption, we have 
extended our investigation to include citric acid 
(HJCi), the molecules of which present similar struc- 
tural features to those of HrT and H*Sc. In addition, 
the information obtained was expected to be useful in 
analytical and other applications of citric acid in 
non-aqueous or aqueous organic solvents. 

HrCi has been used as a growth inhibitor in 
electrolytic deposition of various metals,’ as a buffer 
masking agent for various metal ions and as an 
eluting agent in ion-exchange chromatography,7-i0 
Some of these applications are based on the ability of 
H,Ci to form stable complexes with metal ionas,” 

It has been found that in some catalytic methods 
for determination of heavy metals, this acid, acting 
both as buffer and as complexing agent, suppresses 
interference from the catalytic action of a large 
number of metal and non-metal ions and at the same 
time enhances the catalytic action of the metal being 
determined? 

However, it is frequently necessary to use, in such 
analytical methods, non-aqueous or mixed water/ 
organic solvent systems because of the insolubility of 
one or more of the reactants in water. The stability 
constants of the various chelate compounds of H,Ci 
in these media provide a measure of the masking 
effect of the acid, but in the determination of these 
constants it is necessary to know the dissociation 
constants of HSCi in the medium concerned, and as 
far as we know these are not always available. 
Consequently, the systematic determination of the 
dissociation constants of H,Ci in various water/ 
organic solvent systems is of considerable interest. 

EXPJWMENTAL 

Conductivity water (conductance = 1.0 x 10-6G-’ *cm-‘) 
was used throughout. 1,4-Dioxan and methanol were 
purified as described previously,2+4*‘2 Reagent-grade citric 
acid (Merck GR) was used without further purification; its 
purity was checked by potentiometric titration. The poten- 
tiometric measurements were made as described pmvi- 
ously.‘-’ All acid solutions, initial concentration C, = 
O.OlM, were prepared by direct weighing and dissolution 
just before use. The titrant, 0.3M sodium hydroxide, was 
also prepared in the appropriate mixed solvent, just 
before use, from stock solutions of known concentration 
(Merck, Titrisol). About 15 measurements were made dur- 
ing each titration, between approximately 20 and 80% 
neutralization. 

TREATMENT OF DATA FOR DETERMINATlON 
OF PAY, VALUES OF H&I 

The thermodynamic pK,, values of critic acid were 
calculated from the corresponding titration curves of 
50 ml of O.OlM HJCi with 0.3M sodium hydroxide. 
These curves are characterized by the absence of 
pronounced inflections corresponding to the first and 
second ionization steps of H&i, as shown by the 
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Fig , 1. Titration curves of citric acid in water/~ethanol and wateridioxan solvent systems. 

V(ml 0.3N NaOH) - 
I 4 I , , I 
1 2 3 4 5 

examples in Fig. 1. This behaviour supplies experi- 
mental evidence that the three ionization stages of 
citric acid overlap. 

The pK, values were calculated by means of a 
generalized form of Speakman’s method,13 derived 
for the case of polyprotie acids with overlapping 
ionization steps. I4 For tripotic acids this leads to the 
equation: 

+ K (1 -h)Y&# 
I 

(3 - h)Y, 
(1) 

where 

h =~a+l+IH+]-]OI-U 
C 

(2) 

y,, yi, yZ and y3 being the activity coefficients of the 
species H,Ci, H2Ci-, HCi*- and Ci3- respectively, C 
the analytical concentration of H,Ci as defined by 
equation (4) below, and at: the hydrogen-ion activity 
referred to the standard state in the corresponding 
medium. For dilute acid solutions the activity co- 
efficient y,, is usually taken as unity and the activity 
coefficients of the ionic species can be estimated with 
the Debye-Hiickel equation: 

(3) 

where A and B are the Debye-Hiickel constants, the 
values of which depend on the physical properties of 
the medium,i5 I is the ionic strength of the solution, 
and Co the “distance of closest approach” of the ions. 
In principle, & is a function of solvent and electrolyte, 

but in practice this parameter is traditionally taken as 
equal to 5A.‘“‘r It should also be noted that the 
con~ntration of hydroxide ions is usually negligible 
in comparison with [Na+] or C except at very high 
pef values.‘” When this is the case (acidic solutions), 
the average number of protons removed from the 
citric acid molecule, denoted by h, is equal to: 

h = Dua+l + WC1 
c * 

This quantity can be calculated by assuming 
[H’] e a; .19-*’ 

At any point of the titration curve, material 
balance for citric acid and the requirement of electro- 
neutrality are expressed by the equations: 

C = [H3Ci] + [H&i-] + [Hei*-] + [Ci3-] (4) 

wa+] + [H+] - [OH-] 

= [H&i-] + 2[HCi*-] I- 3[Ci3-] (5) 

Combining these equations and rearranging gives: 

I = 3[Ci3-] + [HCi*-] f ma+] -t- [H+] (6) 

[Ci’-] = 3 [H,Ci] (7) 

[HCP] = $$ [H,Ci] (8) 

where 

[H,Ci-] = $ [H&i] (9) 

(10) 
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Table 1. Theimodynamic pK, values of citric acid in various water/methanol and 
water/dioxan solvent systems at 25” 

Organic PK 
solvent, d* Gizot 
% o/v X z?W I-& D* n=l n=2 n=3 

H,O-&OH 

10 0.0467 0.9827 50.180 75.13 3.27 4.95 6.59 
20 0.0983 0.9694 45.077 71.72 3.41 5.09 6.79 
30 0.1555 0.9570 40.019 67.79 3.57 5.26 7.04 
40 0.2199 0.9425 34.845 63.40 3.75 5.44 7.30 
50 

IO 
20 
30 
40 
50 

0.2936 0.9257 29.549 60.05 3.94 5.67 7.53 

H@-dioxan 

0.0227 1.006a 50.142 70.25 3.37 5.07 6.70 
0.0493 1.0145 44.914 61.73 3.63 5.36 7.20 
0.0811 1.0217 39.613 53.18 3.92 5.72 7.54 
0.1197 1.0286 34.296 44.71 4.31 6.21 7.92 
0.1680 1.0335 28.868 36.22 4.82 6.79 8.47 

*D = bulk dielectric constant of solvent. 

K;, Ki and K; being the apparent dissociation con- 
stants. 

The the~~ynami~ constants K,, K2 and K, can 
be obtained, by a multiple linear regression method, 
from the coefficients of equation (1), which is rewrit- 
ten as 

Y=K,K&+K,KJ,+K,Xz (12) 

In this treatment calculations of Y, X, and A’, 
require, of course, estimates of K; , K; and K; . These 
apparent constants can be derived from equation 
(12), as described before, by putting y,, y2 and y3 
equal to 1. 

It should be noted that Y = f(X, , X2) was always 
found to be linear (R2 3 0.9999) in the neutralization 
range between 20 and 80%. 

In an attempt to test the accuracy of the present 
method, the thermodynamic pK, values of HJCi in 
aqueous solutions were dete~in~ and compared 
with literature data. The values obtained, pK, = 3.14, 
pK, = 4.79 and pkl, = 6.37, are very close to those 
proposed by NBS (pK, = 3.13, pK, =4.16 and 
ply, = 6.40).*] 

RESULTS AND DISCUSSION 

Table 1 summarizes the compositions of all the 
mixed solvents used, in terms of the volumes mixed 
and the mole fraction (X) of the organic solvent. The 
thermodynamic pK,, values in Table 1 were calculated 
from experimental data (about 15) derived from at 
least three titration curves. The overall ~~~ainty 
(standard deviation) in the pK, values was in all 
cases < 0.02. 

In various analytical or electrochemical appli- 
cations in mixed water-organic solvent systems, it is 
important for study or control of the corresponding 
reactions to have them occur in citrate buffer solu- 
tions with defined pa; values. These can be prepared 
by mixing appropriate volumes of solutions of HJC!i 
and a strong base in the medium to be used. Each 
point of the titration curves of H,Ci corresponds to 

a buffer solution with a put: value which can be 
derived by solving equation (1). This treatment is very 
laborious, however, and it would be far more con- 
venient if simple relationships were available for 
calculation of pa: as a function of the volume of the 
strong base added at each stage of the titration. 

In all cases studied in this investigation, the titra- 
tion curves in the vicinity of half-neutralization 
(3264% neutralization) can be fitted by a least- 
squares technique to a polynomial equation 

pa:,=A,+A,‘V+A,V*+.,,+A,V” (13) 

V being the volume of strong base (0.3M sodium 
hydroxide) added to 50 ml of O.OlM H3Ci. From the 
results obtained and taking into account that as II is 
increased the amount of smoothing is decreased, it 
was concluded that the optimum n is 4, much less 
than the number of data points (about 10). The 
values of the coefficients A, are listed in Table 2 along 
with the corresponding average deviation, S, of the 
calculated values from the experimental ones. The 
values of S were always less than 0.002, the estimated 
experimental error showing the excellent fit of equa- 
tion (13) to the experimental data. 

The titration curve pa; =f( V), for each solvent 
mixture, is explicitly represented by the non-linear 
equation (1). Hence transformation of the non-linear 
pIot by forcing linear convergences through a poly- 
nomial with higher power terms leads to adjustable 
parameters A, which have no physical meaning, and 
these coefficients depend on the region of the titration 
curve used for fitting of the data. 

To express quantitatively the usefulness of the 
citrate buffer solutions, the buffer indexU B has been 
examined as a function of V: 

B 
db 

=m 

with 

b 
GV Ic- 

v,+ v 
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Table 2. Values of the coefficients A, in equation (13), R2 and S, corresponding to various 
water/methanol and water/dioxan solvent systems 

Organic 
solvent, 
% v/v Ao A, A2 4 4 R2 s x 10’ 

H,O-MeOH 

:: 2.2129 1.6928 1.7702 1.0697 -0.16560 0.30313 -0.06041 -0.19904 0.01602 0.03134 0.999997 0.999996 0.79 
0.84 

:: 2.2620 2.6178 0.8681 1.2251 0.22289 0.48040 -0.18359 -0.26638 0.03083 0.04080 0.999995 1.06 
0.999997 0.82 

50 2.3788 1.5412 0.08983 -0.16357 0.03047 0.999995 1.01 

H,O-dioxan 

10 1.9472 1.4838 0.02538 -0.11354 0.02113 0.999995 1 .OO 
20 2.1822 I .3904 0.17078 -0.18217 0.03196 0.999995 1.02 
30 1.9488 2.1893 - 0.28450 - 0.06253 0.01950 0.999993 1.13 
40 1.7036 3.1831 - 0.86702 0.09601 O.OOlPP 0.999992 1.20 
50 2.1140 3.3456 -0.99612 0.13718 -0.00352 0.999993 1.11 

C, being the con~ntration of the strong base (volume 
V ml) added to V0 ml of H,Ci solution. Combining 
equations (13) and (14) gives 

B=(~)(~) 
cb vO 

=(V*+ V)*(A,+2A,F+ -1. f4A,V3) (1% 

Equation (15) and Table 2 allow calculation of B 
for buffers made by adding V ml of 0.3M sodium 
hydroxide to 50 ml of O.OlM H,Ci. 

In all cases examined, plots of 3 =f( V) had 
a pronounced maximum at the point of half- 
neutralization of the H,Ci. Buffer solutions corre- 
sponding to these maxima could be used for 
establishing operational pcra scales for each solvent 
system studied (Table 3). 

The influence of the composition of the medium on 
the dissociation equilibria of HBCi was also investi- 
gated. It was assumed that these effects could be 
described by simple equations for the dependence of 
pK, on a particular variable related to the solvent 
composition. The bulk dielectric constant D of the 
solvent is usually used for this purpose, so 
pK, =f( l/D) was plotted. It was also assumed from 
the literature’4*2S*6 that in water-rich mixtures the 
proton probably occurs as a hydronium ion, regard- 

less of the nature of the organic solvents. Conse- 
quently, the ionization reactions are 

H,Ci@- + H20~H,0+ + H,_,Ci(J’+ I)- 

where p + n = 3. The acidity constants of these reac- 
tions explicitly include the activity of water, LT~>~: 

where anzo can be approximated by its concentration, 
C .‘4.25,26 The graphs pKIj =f(l/D) are theoretically 
ju%Yed in terms of the following equation, based on 
Born’s electrostatic model:‘4 

dpK: e* 
-= 
d(l/D) ZkT(ln 10) 

A (16) 

where Cp, is expressed in terms of the reciprocal of the 
radii of the ions taking part on the equilibria, k is the 
Boltzmann constant and T the absolute temperature. 
For n equal to 1 or 2 we have:14 

#t =;+;; ,z=;+;-i 

rH, r, and rz being the radii of H+, H&i- and HCi*-, 
respectively. 

Equation (16) predicts a linear relationship be- 
tween pKz and 1 /D, in all cases for which the changes 
in pKIj after a change of medium can be attributed to 
electrostatic phenomena. In such a case, it is assumed 

Table 3. pas and B values (at 2P) of buffer solutions prepared in various 
water/methanol and water/dioxan solvent systems by mixing 50ml of 

O.OlM citric acid and 2.5 ml of 0.3M sodium hydroxide 

Organic 
solvent 
%. v/v 

10 
20 
30 
40 
50 

H,O-MeOH H#-dioxan 

pat: PUB 

Eq. (1) Eq. (2) B x lo3 Eq. (1) Bq. (2) B x 10’ 

4.763 4.765 6.72 4.866 4.867 6.80 
4.895 4.896 6.70 5.127 5.128 6.60 
5.053 5.053 6.60 5.427 5.429 6.70 
5.221 5.222 6.60 5.819 5.820 7.03 
5.427 5.428 6.58 5.257 5.258 7.60 
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34 42 50 58 66 

5.4 
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4.2 

1.6 2.0 2.4 2.8 3.2 

Fig. 2. Variation of buffer value B and pa; as a function of the volume V of the base added to 50 mf 
of 0.01M citric acid in water/methanol mixture (20% methanol). 

that all the non-electrostatic solute/solvent interac- 
tions remain constant, regardless of the solvent com- 
position. 

In each series of binary mixtures studied in this 
investigation and for n = 1 or 2, it was found indeed 
that the plots of pKft tts. l/D were always linear 
(R* > 0.996); some examples are given in Fig. 3. The 
slopes of these linear graphs, dpR/d(l/D), were 
markedly different for the H,O/dioxan systems from 
those for the H~O~me~anol systems. These findings 
lead to the conclusion that the non-electrostatic 
solute/solvent interactions, at least for H&i, depend 
markedly on the nature of the organic component of 
the solvent mixtures. 

On the other hand, the graphs of pK! c.r. l/D 
were not always linear (Fig. 3). This behaviour can 
be interpreted on the assumption that in the cor- 
responding series of solvents the non-el~trostatic 
solute/solvent interactions, relating to the third dis- 
sociation equilibrium of H&i, change with change in 
D, i.e., with solvent composition. The values of D 
reported in Table 1 have been taken from previous 
papers.4**7 

Despite the facts that the plots of pe vs. l/D offer 
a theoretical basis to correlate the results, and that 
the observed linear relationships between pKT or pKi 
and l/D are useful interpolation formulae, their 
practical applications may be regarded as quite lim- 
ited. The use of these equations requires knowledge 
of the dielectric constant values, which are not always 
available, especially for mixed solvents. Thus it is 
necessary to examine, for each series of binary mix- 

tures, the variations in prc’lf as a function of the mole 
fraction X of the organic solvent. For both series of 
mixed solvents, it was found that the pKE VS. X graphs 
(for n = 1 or 2) were fairly linear (R* > 0.9985). In 
addition the values of b, (= dpKj)/dX) differ greatly 
in passing from H,O/dioxan to ~~O/methanol sol- 

12 16 20 24 28 32 
I I I I I I I 1 

-8.4 8.8 

- 8.0 8.4 

10 

.9.2 

Fig, 3. Variation of pKz (pk,, + log Ca,,) as a function of 
1/D in waterfmet~a~o1 (A, C) and water~d~o~n (B, D) 

solvent mixtures. 
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Table 4. b, (= dpKl)/dX) values corresponding to the water/ 
methanol and wateridioxan mixtures 

H,O-MeOH HrO-dioxan 

Acid n 6. R2 bn R2 

Citric 1 1.80 + 0.03 0.9991 8.2 * 0.2 0.9985 
2 1.99 + 0.04 0.9991 10.2 + 0.2 0.9991 

Tartaric* 1 1.80 + 0.03 0.9990 8.5 + 0.2 0.9985 
2 1.98 f 0.05 0.9983 10.2 + 0.2 0.9994 

Succinic* 1 1.74 f 0.09 0.9913 8.7 k 0.5 0.9943 
2 2.79 + 0.07 0.9983 11.5+0.5 0.9957 

*References 2 and 3. 

vent mixtures (see Table 4). Clearly, the medium 
effect expressed by the parameter b, depends 
markedly on the nature of the organic solvent. 

In an attempt to explain the behaviour of plots of 
pKi VS. X, we considered that 

Here b, is expressed as a product of two terms, the 
first of which-including the electrostatic part of the 
medium effect--could be described by means of an 
equation derived from an electrostatic theory, e.g., 
equation (16). In any series of binary systems where 
the non-electrostatic part of the medium effect re- 
mains invariable regardless of the solvent compo- 
sition, this term is expected to remain fairly constant 
from one medium to another. With respect to the 
second term, d(l/D)/dX, defined here as jI, it is of 
interest to note that, in any mixed solvent system, the 
variation of D (and consequently of l/D) as a 
function of X depends markedly on the nature of the 
solvent components. 20 Moreover, as pointed out in 
the literature for some mixed solvent systems,29.30 this 
variation (and hence B) depends strongly on associa- 
tion between the components of the solvent. 

This is the case for the H,O/dioxan and 
H,O/methanol mixtures, where in previous investi- 
gations,27.31 we detected the formation of polar asso- 
ciates of the type CH,0H.2H20 and C4H,02.3H20. 
The formation of these associates in the two series of 
binary mixtures could change the value of B. Calcu- 
lations of /I from plots of l/D vs. X, which were linear 
(R* > 0.999), showed indeed that b, equal to 0.0138 
for the H,O/methanol mixtures, is about 6.7 times as 
great for the H,O/dioxan mixtures (B = 0.092). 
Hence the changes in the values of parameter b, for 
the two series of mixed solvents can be attributed to 
corresponding changes in both the terms of equation 
(17). Furthermore, equation (17) explains the devi- 
ations from linearity in graphs of pKi vs. X, by taking 
into account that the term dpKt/d(l/D) does not 
remain constant for these series of mixtures. Thus, b, 
can be used to indicate the electrostatic part of the 
medium effect as well as all possible interactions 
between the various substances present. 

In previous investigations2.3 concerning the ionic 
behaviour of tartaric (H,T) and succinic (H2Sc) acids 
in H,O/dioxan and H,O/methanol solvent systems, 

we examined the medium effect on the dissociation 
constants of these acids by means of b,. These b. 
values are listed again in Table 4 along with the 
corresponding values for H,Ci. The following obser- 
vations may be made. 

1. The b, value for H,Sc is not affected by the 
introduction of two substituents in its molecule, 
either in the tl and b positions (two -OH groups: 
H,T), or only in the u position (one -OH group and 
one -CH,COOH group: H,Ci). Practically, these 
acids have equal values of 6,. 

2. In both series of mixed solvents we have 

brci z brr < b,, (18) 

b2,-i, bZT and b,, being the 6, values for H,Ci, H2T 
and H,Sc, respectively. 

A simple combination of these results with equa- 
tions (16) and (17) leads to: 

rHCi rz: r, > r, 

where these parameters represent the radii of HCi2-, 
T2- and SC*-. 

However, the exact meaning of these r parameters 
is open to question. Indeed, equation (16) has been 
derived on the basis of an electrostatic model, assum- 
ing that the ions are conducting spheres of charge ze 
located at the centre of the ions, but it is not quite 
reasonable to use such a model for these anions, 
where the two charged groups (-COO-) are so far 
apart from each other. On the other hand it is 
postulated32 that the proton is removed, in the second 
ionization step, against the force exerted by the 
electrostatic fields of the dissociating carboxyl group 
and the already dissociated -COO- group, where 
the distance between these groups (dissociating and 
dissociated) is R. Evidently, the influence of the latter 
group increases as R decreases. Thus, when equation 
(16) is applied to a polyprotic acid, the resulting 
parameters r are “radii” only by convention.‘4 These 

OH 0- 
I 

H/O-xCn~C\O 
R 1 

“NO\ h/C\ 0 

-6 
Ii i 

2’ cHko’H O\C,k 

bn 

I(HT-) II (H&i) 
R= -CH,COOH 

Fig. 4 
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parameters express the radii of spherical ions of a 
hypothetical acid which should have ionic behaviour 
similar to that of the acid considered. Evidently, the 
radius r of such hypotheti~l anions decreases as the 
distance R decreases. 

With all these points taken into account, equation 
(19) leads to 

Rci”R,>R, (20) 

R,, RT and R, being the distance R in H&i-, HT- 
and HSc-, respectively. However, it is noted that the 
differences in r for the anions of H&i, HIT and H,Sc, 
cannot be attributed to the e&et of the -OH groups. 
If it could, there should be similar changes in the 
values of b,, but this is not the case. 

Consequently, the only parameter which seems to 
affect r is the distance R, which, according to (20) 
appears to be similar for H&i- and NT-. The value 
of R for HT- has been postulated,3 on the basis of 
literature data,33 as maximized by the formation of 
two hydrogen bonds which stabilize HT- as shown in 
Fig. 4, I. Evidently such a possibility does not exist 
in the case of HSc- where, because of internal free 
rotations about each bond of the chain, the mean 
value R is smaller than the corresponding value for 
HT-. 

For citric acid it is reasonable to accept a structure 
similar to that of HT-. In H&i-, the hydroxyl group 
is suffi~ently ciose to an oxygen atom of the carboxyl 
group to form a hydrogen bond, Fig. 4, II. 

Finally, it is noted that in structure II (Fig, 4), we 
considered, according to the literature,” that the 
presence of a hydroxyl group in the molecule of H3Ci 
favours the dissociation of the neighbouring central 
carboxylic acid group. 
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IMPROVEME~S IN THE DETERMINATION OF 
PENICILLIN ANALOGUES BY HPLC SEPARATION AND 

LASER-BASED POLARIMETRIC DETECTION 
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Summary-The combination of HPLC separation and laser-based polarimetric detection is shown to 
provide unique advantages when applied to the study of penicillin analogues. The mass detectability for 
penicillin G is 5 ng with this system, which is an order-of-magnitude improvement over other techniques, 
More importantly, the polarimetric system can provide specific rotation information about eluting species. 
Individual specific rotations are reported for the (lOR)- and (10s~epimers of both carbenicillin and 
ticarcillin. These results demonstrate the sensitivity of specific rotation to the arrangement of atoms at 
or near the chiral centre, suggesting that specific rotation may be used to identify closely related penicillin 
analogues. 

The determination of penicillin and penicillin-related 
analognes is difficult, primarily because of the lack of 
a distinctive chromopho~ which can be used to 
detect and differentiate these materials. However, it is 
critical that procedures be developed which can dis- 
tinguish closely related antibiotic substances, since it 
has been shown that minor structural m~fi~tions 
can have a pronounced effect on both the anti- 
bacterial activity and human toxicity of antibiotics.’ 
For example, o-penicillin V has maximum activity, 
whereas the L-form of ~~cillin V has little, if any 
antibacterial activity*. Traditionally, the determi- 
nation of penicillin compounds has relied on the 
use of microbiological methods which are adequate 
for simple applications but are not suitable for trace 
analysis. They are also time and labour intensive 
and cannot differentiate closely related penicillin 
analogues. 

These limitations have provided the impetus for 
the development of other procedures, including enzy- 
matic degradation3 colorimetry4 and iodometric 
titration.5 Although these procedures are capable of 
distinguishing penicillins from other antibiotics, they 
lack the ability to differentiate penicillins from their 
degradation products. To overcome this lack of 
specificity a variety of separation procedures have 
been advanced for the analysis of penicillin materials, 
Thin-layer chromatog~phy (TLC) techniques have 
met with some succe~s,~~ but are limited by the 
inherent resolving power of TLC, which is not suffi- 
cient to separate penicillin analogues having similar 
structures. Various HPLC methods have been devel- 
oped for penicillin analysis, most of which utilize 

*Present address: Department of Chemistry, Baylor Univer- 
sity, Waco, TX 76798, U.S.A. 

tTo whom correspondence should be addressed. 

gradient elution to effect optimum separation of the 
structurally diverse penicillins9*‘* However, these ap- 
proaches are limited when photometric detectors 
are used, owing to the lack of a strong ultraviolet- 
absorbing chromophore in the penicillin moiety. The 
selectivity and sensitivity of the HPLC techniques can 
be enhanced by combining the system with either 
precolumn” or post-column’2*‘3 reaction. These 
methods require more complex procedures and ex- 
hibit sensitivities which are dependent on the reaction 
kinetics. Waste disposal can also present a problem 
for many of these procedures, since they involve 
reagents such as mercury (II) chloride at concentra- 
tions as high as 2 x lo-‘M.i2 

The penicillins possess the property of chirality, 
and because optical activity is such a rare property, 
application of polarimetric detection to the study of 
penicillins should be able to overcome many of the 
limitations of the methods described above. This 
report will describe the application of laser-based 
polarimetry to the study of penicillin materials separ- 
ated by HPLC. The improved qualitative information 
available with this system through the determination 
of specific rotation will be shown to be useful in 
differentiating closely related penicillin species. 

EXPERIMENTAL 

Mobile priase 

The mobile phase used in the study of penicillin G and 
ampicillin consisted of a 1: I : I v/v mixture of 2mM KH,PO,, 
2mM K,HPO, and methanol, and for the elution of 
ticarcillin and carbenicillin the mobile phase was a 2:2:2:5 
v/v mixture of 3mM KH,PO.. 3mM K,HW.. 15mM 
tetrabutylammonium bromide &rd methanol. Ali’solvents 
and chemicals were reagent grade and used as received. The 
mobile phases were degassed under vacuum and filtered 
through a 0.5-&m f&r before use. A 5-pl injection loop was 
used to introduce the penicillin samples onto the chromato- 
graphic column. A flow-rate of 0.7 ml/mm was found to give 
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optimum separation with this system and hence was used for 
these studies. 

Penicillin analomes 

RICE et al. 

Penicillin G, ampicillin, ticarcillin and carbenicillin were 
obtained from Siama Chemical Co. (St Louis. MO). 
All were at least “99% pure and used‘ without. furthdr 
purification. 

Apparatus 
A standard reversed-phase HPLC system with a Qrn 

Cl8 column was coupled to a laser-based polarimetric 
detection system which has already been described.‘4~” 
Briefly, Clan-Thompson calcite polarizing prisms (Karl 
Lambrecht, Chicago, IL, model MGT-ES) to serve as the 
polarizer and analyzer were chosen by the procedure de- 
scribed previously.‘4 A S-mW helium-neon laser (Spectra 
Physics, Mountain View, CA, model 105) served as the 
source, and was polarization modulated with a Faraday 
cell (m~i~:a~tonit~le) at a frequency of 2 kHz. Light 
passing the analyser was detected with a red-sensitive photo- 
multiplier tube (PMT) (Hamamatsu, Middlesex, NJ, model 
R925j powered by a high-voltage power supply (1000 V) 
(Beratran Associates. Inc.. Hicksville, NY, model 215). A 
Stanford Research Systems lock-in amplifier (Palo Alto, 
CA, model SR510) demodulated, amplified and digitized the 
PMT signal. Detection was accomplished in a homemade 
aluminium flow-cell with an internal volume of 101.5 ~1. 
Windows for the cell were carefully chosen for their low 
birefringence, as described previously.” 

Generai procedure 
Standard solutions of each of the analogues were pre- 

pared in the appropriate eluents at the concentrations of 
interest and injected directly into the HPLC system. The 
signal from the polarimetric system was sent to a laboratory 
computer (PC) via an IEEE-488 interface for subsequent 
storage and analysis. The resulting data were treated as 
described previouslyi and specific rotations calculated for 
each eluted substance, from the chromatographic peak 
heights. For the direct measurement of specific rotation, 
solutions were prepared at concentrations that would give 
a measured rotation of about 2” (5.3 cm path detection cell). 
Manual rotation of the analyser crystal allowed the rotation 
to be determined with a nrecision of 0.1”. The epimers of 
ticarcillin and carbenicillin were identified by corn&son of 
the ehation profiles obtained with the polarimetric system 
and those observed in a previous studyf3 with a similar 
reversed-phase column and mobile phase. 

RESULTS AND DISCUSSION 

In spite of the number of techniques proposed for 
the analysis of penicillin materials, none has demon- 
strated advantages significant enough to warrant 
widespread acceptance. To gain such acceptance, 
a new technique must be capable of providing 
improved quantitative and specific qualitative infor- 
mation about the system under study. The uniqueness 
of chirality ensures that polarimetric detection has 
the potential to provide these advantages. 

Penicillin G and ampicillin are two widely pre- 
scribed members of the ~~~illin family, and possess 
similar chemical and physical properties. The struc- 
tures of these two antibiotics and of the other peni- 
cillin analogues studied are given in Fig. i. The 
structural features which differentiate these materials 
consist of modifications to the same chiral centre, and 
this similarity produces significant challenges to the 

R Group Compound 

Q-C%- Penicillin G 

@H- Ampicillin 

0;: Carbenicillin 

COOH 

/g- 
Ticarcillin 

s COOH 

Fig. I. Structure of penicillin analogues: penicillin G, ampi- 
cillin, carbenicillin and ticarcillin. 

analyst. Figure 2 shows the chromatogram (obtained 
by polarimetric detection) for separation of penicillin 
G and ampicillin. The mass limit of detection (LOD) 
for penicillin G by polarimetric detection was 5 ng of 
injected material (calculated as the amount corre- 
sponding to a signal that is twice the standard 
deviation of the baseline signal. The polarimetric 
response was linearly related to the amount of peni- 
cillin G injected over two orders of magnitude from 
approximately the detection limit (1 pg/ml) to 0.25 
mg/ml (i.e., 1.25 pg injected). As demonstrate by 
Yeung et ~1.‘~ with polarimetric systems similar to the 
one used for these studies, a non-linear response 
would be observed if the measured rotation exceeds 
approximately 0.001”. For 1.25 pg of injected peni- 
cillin, in a peak volume of 300 ~1, the rotation is 

hrmrm~~,~,,“,,‘,,““,~:,,r”“r 
0.00 2.00 LOO 0.00 s: 

Time (minutes) 

Fin. 2. Polarimetric detection of ampicillin (b) and penicillin 
(crafter separation on a reverse&phase HPLC column. 
Amount injected: ampicillin, 0.2 fig; penicillin, 0.2 pg. 
Eluent: 2mM KH2PG4, 2mM K,HPO, and methanol (1: 1: 1 
v/v); flow-rate 0.7 ml/min; (a) is the standard signal 
produced by a DC Faraday coil corresponding to a rotation 
of -2.86 x IO-’ degree. The disturbance beginning at 3 min 
is due to the deflection of the probe laser beam by an 
RI gradient as the solvent front passes through the detection 

cell. 
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calculated to be approximately 0.~8’. Although 
this is close to the upper limit it is still within the 
linear region. In agreement with this, when the 
normalized polarimetric peak height was plotted 
against the normalized mass injected, regression 
analysis showed a slope of 1.04, an intercept of - 0.04 
and a correlation coefficient of 0.999. In comparison, 
the best reported detection limit for penicillin was 
that obtained by a post-column reaction scheme 
which provided an LOD of 50 ng.13 Thus the 
polarimetric system provides at least an order-of- 
magnitude improvement in mass detectability over 
other detection schemes. 

Figure 3 shows the separation and detection of 
the epimers of ticarcillin and carbenicillin. These 
materials were chosen for study because of the 
close chemical structures of the two materials, and 
the fact that they are produced in two epimeric 
forms differing only in the arrangement of atoms 
at one particular chiral centre of the four present. 
As in the example above, these epimers are separated 
with excellent resolution and are detectable at the 
10 ng level. It is clear that the polarimetric system 
has the requisite sensitivity to detect these materials 
at the levels encountered in studies of their fate 
and location in metabolic pathways. 

Although the advantage of polarimetric detection, 
in terms of mass detectability, is significant, the capa- 
bility to provide specific rotation info~ation about 
eluted species is unique in that this information is 
not available by any other means. Because specific 
rotation is sensitive to the arrangement of atoms at 
or near the chiral centre, subtle structural changes 
can be discerned by measurement of this parameter. 
Unfortunately, conventional polarimeters do not 
possess the requisite sensitivity to allow their use in 
trace applications. However, the laser-based polari- 
meter, with mass detectabilities at the nanogram 
level, is suitable for such studies. 

As discussed previously, the chromatographic peak 
height for eluted substances can be measured with 
calibration against the standard rotation from a 
Faraday coil to provide very accurate and precise 
measurement of specific rotation, Chromatographi~ 
peak moments were used to determine the portion of 
the total injected mass of optically active material in 
the detection cell at the point of maximum signal.‘5 
When this technique was applied to the penicillin data 
in Fig. 2, specific rotations for ~nicillin G and 
ampicillin were calculated as 347 5 5 and 321 & 5, 
respectively. For comparison, the direct m~surement 
of specific rotation for these two materials provided 
values of 340 + 11 (penicillin G), and 3 14 f 11 (ampi- 
cillin). However, for the ~hromatographic results only 
about 1 yg of material was used, whereas the low 
sensitivity of the conventional ~la~rnet~c system 
required approximately 10 mg of sample. Thus when 
the amount of sample is limited, the laser-based 
polarimetric system has distinct advantages over con- 
ventional approaches. Further, at the low concen- 

‘CAL 36N--B 

m-,..,,.,~..,,.,,,,.,~,.,,..,.....~,,.,mr 4 
0.00 4.00 0.00 le.00 10.00 

Time (minutes) 

Fig. 3. Polarimetric detection of a mixture of carbenicillin 
and ticarcillin after separation by reversed-phase chro- 
mato~aphy; (a), (c), (lOR)- and (tOS)-epimers of carbeni- 
tillin, respectively; (bj, (d), (fOR)- and (lOS)-epimers of 
ticarcillin, respectively. Eluent: 3mM KH,PO,, 3mM 
K,HPC& , 1SmM ~trabutyla~onium iodide and methanol 
(2:2:2:5 v/v), flow-rate 0.7 ml/min. Total amount of mixture 

injected 0.4 pg. 

trations required for analysis with the laser-based 
pola~met~~ system, concentration-d~ndent effects, 
such as dime&ration, would be negligible, therefore 
providing a more rn~~n~ul measure of the true 
optical activity of the material under study. 

The other two penicillin materials chosen for study 
in this work, ticarcillin and ~r~nicillin, both exist 
as (lOR)- and (lOS)-epimers. Epimers differ by the 
arrangement of atoms at a specific chiral centre, 
thereby making these materials excellent for assessing 
the ability of the polarimetric system to differentiate 
structurally similar analogues. Calculations of spe- 
cific rotation for each epimer independent of the 
other required that the total injected mass be appor- 
tioned between the two epimers. This was accom- 
plished by the use of a refractive index (RI) detector 
in-line with the polarimetric system, From the RI 
peak area obtained for the injection of a commercial 
preparation of each antibiotic mixture, it was found 
that ticarcillin contains 57.1% of the (lOR)- and 
43.9% of the (lOS)-epimer. The commercial carbeni- 
cillin sample was composed of 49.2% of the (lOR)- 
and 50.8% of the (lOS)-epimer. With this distribution 
information and the polarimetric peak height, specific 
rotations were calculated for each epimer separately. 
The results obtained from the data of Fig. 3 are 
summarize in Table 1. 

Several points should be noted. This is the first 
reported m~su~ment of specific rotation for the 
epimers of ticarcillin and carbenicillin. Conventional 
polarimetric approaches would require that the 
epimeric forms be separated in Elliot quantities 
before measurement of their individual specific rota- 
tions. However, the HPLC/pola~met~c system can 
provide very accurate and precise determinations 
in less than 10 min with microgram quantities of 
sample or less. From the relative abundance of each 
epimer in the mixture and the specific rotations listed 
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Table 1. Specific rotation* measurements for six penicillin analogues 

Literature Direct Calculated from 
Compound value,? measurement,$# peak height,§# 

Penicillin G 310 34Ofll 347 f 6 
Ampicillin 281 314f 11 321+6 
Carbenicillin ( 1 OR)- - 192 f 8$ 180+ 1 
(lOS)- - 213& 1 
Ticarcillin (lOR)- - 179 f 8$ 166& 1 
(lOS)- - 210 + 2 

*Units deg.dm-‘.g-‘.ml. 
tFrom Ref. 2, 590 nm. 
$632.8 nm. 
#Experimentally determined standard deviations. 
SEpimeric mixture. 

in Table 1, it can be calculated that the commercial 
mixture of ticarcillin should provide a specific rota- 
tion of 187 deg. dm-‘.g-‘.ml, and the carbenicillin 
mixture I97 deg. dm-’ . g-i. ml. Within experimental 
error, these values agree with the directly measured 
values of 179 + 8 for the ticarcillin and 192 + 8 for 
the carbenicillin mixtures. 

Finally, the large difference in specific rotation for 
the two epimeric forms of both ticarcillin and car- 
benicillin, a difference which is far greater than the 
experimental error of the technique, is surprising 
since the change which differentiates the epimeric 
forms consists of a subtle change at the same chiral 
center. It is also interesting to note the large difference 
in specific rotation between penicillin and either 
carbenicillin or ticarcillin. The specific rotations listed 
in Table 1 suggest that for the penicillin system, 
specific rotation decreases with increasing polarity at 
the C-10 position. Thus the much lower value noted 
for carbenicillin and ticarcillin can be attributed to 
the fact that at the pH of the eluent system used for 
these chromatographi~ studies (PH 6.5), the car- 
boxylic acid group at the C-10 position, common to 
both penicillin analogues, would exist mainly 
(-90%) in the unprotonated form (pK, N 5.5). 
Although more study is needed before the exact 
significance of these observations can be ascertained, 
chemical modification of a specific chiral centre, in 
combination with specific rotation measurements, 
may be used to determine the cont~bution of individ- 
ual substituents at that centre to the total optical 
activity of the molecule. 

In summary, the combination of HPLC separation 
with laser-based polarimetric detection has been 
shown to provide distinct advantages for the analysis 
of penicillin materials. An order-of-magnitude im- 
provement in the mass detectability for penicillin 
and penicillin analogues has been obtained without 

the need for post-column reaction to enhance 
detectability, Of greater significance is the capability 
of the polarimetric system to provide specific rotation 
information about eluted materials. Specific rotations 
have now been reported for the previously un- 
reported (lOR)- and (lOS)-epimers of both ticarcillin 
and carbenicillin. The large difference in specific 
rotation measured for these epimeric species suggests 
that this approach may be useful in id~tif~ng 
structurally similar penicillin analogues in metabolic 
studies. 
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TUNGSTEN BY EXTRACTION AND POLAR~~RAPHY OF 

THEIR SAL~C~Y~HY~R~XAMATES 
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Summary-Moiybdenum and tungsten salicoylhydroxamates have been extracted into methyl isobutyl 
ketone or a mixture of chloroform and isobutyl alcohol from I%4 hydrochloric acid and subjected to 
DC and derivative pulse polarography (DPP) after addition of methanolic lithium chloride solution, 
phosphoric acid aad water in defined propo~~ons, Mo~y~e~~ gives two DC waves with E,, at - i25 
and - 525 mV and a sharp DPP peak at -75 mV, whereas tungsten shows a single DC wave at -840 mY 
and a DPP peak at -850 mV. The two metals can be determined down to the sub-ppm level. 

We have previously reported the determination of 
micr~uantities of mo~y~enum after extraction Of its 
benzoyl-’ or cinnamoyLz hydroxamate. Differential 
pulse polaro~aphy (DPP) of molybdenum salicoyl- 
bydroxamate (Mo-SHA) in aqueous organic medium 
provides determination of the metal at sub-ppm level. 
The procedure is much more sensitive than those 
reported earlier’.” and the selectivity is comparable. 
Moreover, tungsten saIicoy~hydroxamate (W-SHA) 
can be similarly dete~ined in the same solution, 

EXPERIMENTAL 

A Tucussel PRGS pulse polarograph was used as reported 
ear1ier.l The capillary characte~stics, with a mercury head 
of 45 cm, were m = 0,377 mg/sec and t = 9.27 set/drop for 
the chiorofo~-isobutyl alcohol system. All DC polaro- 
grams were recorded with a controlled drop-time of I set 
and a scan speed of 4 or 10 mV/sec. All DP polarograms 
were recorded with a controlled drop-time of 2 or 3 set, 50 
mV pulse ampiitude and 4 mV/sec scan-rate. 

Reagents 
The standard mojybden~ solution was prepared as 

described earlier,’ and the standard tungsten solution was 
prepared from sodium tungstate dihydrate (analytical 
grade) and standardized through the oxine complex.3 
Salicoylhydroxamic acid @HA) was prepared according to 
a literature method” and used as a 1% solution in purified 
ethanol. Lithium chioride (analytical grade) was u&I as the 
sup~~ing electrolyte. Me~anol (G.R,, Merck) and methyl 
isobutvl ketone (MIBK) were distilled before use. 

All &her chemjcals u&d were of analytical reagent grade. 
Doubly distilled water was used in all the studies. 

l?etermination of molybdenum 
An aliquot of standard mo~y~enum sohition was diluted 

to 10 ml in a SO-ml separating funnel and the acidity 
adjusted to 1 SM with 6M hydr~hlo~c acid. After addition 
of 3 ml of SNA solution the mixture was extracted with 4 
ml of 2% 2-aminoethanol solution in MIBK. The organic 
layer was transferred into a 50-m] standard fiask. The 

*Author for correspondence. 

aqueous layer was washed with 2 ml of MIBK and the 
washings were added to the main extract, which was then 
made up to volume with 7 ml of I% methanoti lithium 
chloride solution, 22 ml of 0.667M phospho~c acid and 
methanol. Poiarograms of this solution were recorded from 
+ 50 to -300 mV after it had been deaerated with pure 
nitrogen for IO min. 

For determination of molybdenum in sewage sludge, a 2-g 
sample was slowly evaporated almost to dryness with aqua 
regia (20 ml) and the residue was taken up with ~~~n~t~ 
hydr~h~oric acid (5 ml). The acid was almost all boiled off 
and the residue was dissolved in 20 ml of 4iw hydr~hlo~~ 
acid. After fiftration the solution was made up accurately to 
SO ml with water. A 20-ml portion was pipetted out, and 
after addition of 500 mg of ascorbic acid, molybdenum was 
extracted and determined as described above. 

For determination of moiy~~um in steel, about 1 g of 
sample was dissolved as described above and s-ml aliquots 
of the resultant solution were analysed. 

An aliquot of a solution of tungsten, or of a mixture of 
molybdenum and tungsten, was diluted to 10 ml in a SO-ml 
separating funnel and treated with 3 mt of SHA solution. 
After adjustment of the acidity to 1.&W with 5.M hydra 
chloric acid, the solution was shaken with 3 ml of 1: f v/v 
~h~orofo~~sobutyl alcohol mixture. The organic layer was 
transferred into a B-ml standard flask. The aqueous layer 
was washed with 3 ml of the solvent mixture and the 
washings were added to the main extract, which was then 
made up to volume with 7 ml of 1% methanolic lithium 
chloride, 12 ml of &125&f sulphuric acid and methanol. 
Polarograms of this solution were recorded from - 100 to 
- 1000 mV after it had been deaerated by passage of pure 
nitrogen for 10 min. 

RESULTS AND DISCUSSION 

Mo-SHA is rather sparingly soluble in organic 
solvents because of the presence of a hydroxyt group 
in the reagent. MIBK extracts the complex com- 
pletely from O.l-3.OM hydrochloric acid or O.l-1SM 
perchloric acid, but the extract does not yield well 
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I I I I I 

0.05 0 -0.1 -0.2 -a3 -0.4 

E (Volts1 

Fig. 1. DC and pulse polarograms of Mo-salicoyl- 
hydroxamic acid complex; 1, 8 x 10m6M MO, sensitivity 
range 5 PA (pulse); 2, 8 x 10-5M MO, sensitivity range 
12.5 PA (DC); 3, reagent blank, sensitivity range 5 PA 

(pulse); 4, reagent blank sensitivity range 5 PA (DC). 

defined polarograms. However, a mixture of MIBK 
and 2-aminoethanol extracts the complex more 
easily in these acidity ranges, and the extract, after 
mixing with definite volumes of aqueous phosphoric 
acid and methanolic lithium chloride solutions, gives 
good DC and DP polarograms. The pulse polaro- 
grams are sharp and reproducible even for sub-ppm 
levels. The DC polarograms show two waves with E,,, 
at - 125 and -525 mV, as observed with other 
hydroxamic acids. ‘s2 The pulse polarogram yields a 
sharp peak at -75 mV (Fig. 1) and a hump with a 
peak potential that cannot be accurately determined. 
The first sharp peak is utilized for the analytical 
measurements. The plot of E vs. log i/(id - i) for the 
first DC wave gives a slope of 57.7 mV and a transfer 
coefficient, a, of 1.02. Both values are compatible 
with a reversible one-electron reduction of Mo(V1) to 
MO(V). The second DC wave, however, seems to 

3 

2 

5, 

1 

4 

5 0 - 0.1 -0.2 -0.3 

E (Volts 1 
Fig. 2. Pulse polarograms of MMalicoylhydroxamic acid 
complex: 1, 1.06 x 10e4M MO; 2, 2.13 x lo-‘M MO; 3, 
5.33 x 10m4M MO; 4, reagent blank, sensitivity range: l-3, 

12.5 PA; 4, 5 /LA. 

correspond to an irreversible step, and appears to be 
due to the reduction of MO(V) to (III), as observed 
during reduction of Mo(V1) in aqueous hydrochloric 
or sulphuric acid media.5 Reduction to Mo(II1) is 
confirmed by the considerable increase of the height 
of the second wave after addition of nitrate.6 

There is an interesting difference between the pulse 
polarograms of Mo-SHA and those of the hydrox- 
amic acids reported earlier.‘q2 At molybdenum con- 
centrations lower than 1.06 x 10-4M the half-width 
of the first peak for Mo-SHA is 90 mV, which is 
compatible with a reversible, one-electron reduction, 
at a pulse amplitude of 50 mV, but at increasing 
concentrations above 1.06 x 10v4M there is a gradual 
broadening of the peak and at 2.13 x 10e4M the peak 
half-width becomes 142 mV. At still higher concen- 
tration (3.2 x 10-4M) the peak is split into two 
humps (Fig. 2). Such concentration-dependence of 
the nature of the peak is often due to adsorption, so 
this was investigated. At lower concentrations of 
molybdenum the peak height increased with increase 
in temperature from 2 to 20”, indicating a diffusion- 
controlled process. The linear relation between the 
current and the square root of the mercury head, and 
the slope (0.35) of the linear plot drop-time vs. 
current gave further evidence of a diffusion-con- 
trolled process. Hence the broadening of the peak 
with increase in concentration cannot be conclusively 
interpreted. However, the effect is of no practical 
consequence provided the molybdenum concen- 
tration does not fall outside the linear region. That a 
molybdenum complex is reduced is shown by the 
nature of the polarogram recorded with only molyb- 
date in the same medium: only one wave is obtained 
at negative potentials, and it corresponds to the 
second wave of the Mo-SHA complex. Another wave 
lies in the positive potential range, but owing to the 
complexation this wave appears at a negative poten- 
tial in the reduction of Mo-SHA. 

The tungsten complex of SHA could be extracted 
by a 1: 1 mixture of chloroform and isobutyl alcohol 
only from 0.5-5M hydrochloric acid. The extract, 
when mixed with definite proportions of dilute sul- 
phuric acid and methanolic lithium chloride solution 
furnished a single reduction wave or peak when 
subjected to DC or pulse polarography. The Em and 
peak potential values are -840 and - 850 mV, 
respectively. The slope of the plot of E vs. log 
i/(& - i) (41.4 mV) and transfer coefficient (1.4) 
suggest an irreversible one-electron reduction. The 
peak half-width (120 mV) of the pulse polarogram 
also indicates an irreversible reduction. The linear 
relationship of the current and the square root of the 
mercury head indicates a diffusion-controlled current. 
In the W-SHA complex, W(V1) is in all probability 
reduced to W(V), since tungstate under the same 
conditions does not show any reduction wave. The 
current changes linearly with the concentration of 
tungsten and allows the determination of traces of the 
metal. 
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Table 1. Cu~ent~on~n~ation relationship of Mo- and W~Iicoy~ydroxamates 

Current, PA current, 
chloroform- 

MJRK-2-amino- isobutanol 
ethanol extractant Chloroform- extractant, PA 

isobutanol 
[MO], M DC. D.P. extractant ywl, M DC. D.P. 

1.06 x 10-4 1.50 
8.00 x IO-$ 1.20 
6.00 x 1O-5 0.85 
4.00 x to-s 0.60 
2.00 x IO-5 0.32 
I.00 x 10-S 0.82 
8.00 x lo-& 0.68 
4.00 x Io-6 0.38 
2.00 x 1o-6 0.21 
1.00 x 1o-6 0.12 

1.0 x IO-4 1.25 2.80 
1.20 8.0 x 10-5 1 .oo 2.20 
0.92 6.0 x 1O-5 0.73 1.65 
0.79 4.0 x 10-f 0.50 1.14 
0.50 2.0 x 10-S 0.24 0.60 
0.28 1.0 x 10-s 0.12 0.30 
0.15 8.0 x 1O-6 0.23 
0.13 4.0 x 10-e 0.12 

2.0 x 10-6 0.07 

Table 2. Tolerance limits for various species in 
determination of I x 10-SM MO or W 

Tolerance ratio, w/w 

Species, X 

Cu(II) 
Co(R) 
Ni(II) 
Mn(I1) 
Fe(III) 
Cd(U) 
&&II) 
Pb(I1) 

Re(VII) 
Ce(IV) 
Mo(V1) 
Zr(IV) 

V(V) 
Cr(III) 
U(VI) 

W(VI) 

Ti(IV) 
Sn( IV) 
Ascorbic acid 
Tartaric acid 
Citric acid 
Oxalic acid 
Fluoride 
EDT-A 

X/MO 

100 
100 
100 
100 
100 
too 
100 
100 

100 
100 

50 

100 
100 
50 

30 

10 
50 

10,000 
500 
500 
400 
500 

X/W Remarks* 

5 (I) 

IO0 (2) 
100 
80 (1) 
40 

5 (3) 

10 (I) 

50 

(3) 

5 (3) 
(3) 

40 
300 
500 
20 
10 

500 

*MO and W extracted (1) in presence of ascorbic 
acid, (2) from 1.5M perchloric acid, (3) in pres- 
ence of fluoride. 

The chloroform-isobutyl alcohol extract of 
Mo-SHA gives a well defined DPP peak with peak 
potential at -340 mV. The wide separation of the 
peak Potentials of the two complexes (almost 500 
mV) makes it possible to determine trace quantities 
of the two metals simultaneously, but the sensitivity 
of the molybdenum determination is lower than that 
for the MIBK/2-amin~thanol method. 

Extracting ~~~ve~t~, supporting electrolyte and aqueous 
phase 

The best extracting solvent for the MC&HA com- 
plex was found to be MIBK containing 2% 2- 
aminoethanol. A mixture of 6 ml of the extract, 7 ml 
of methanolic lithium chloride solution and 22 ml of 
aqueous phase (diluted to 50 ml with methanol) was 
perfectly homogeneous. When the aqueous phase was 
0.17-l .7M phosphoric acid the best defined polaro- 
grams were obtained. Hydr~hlo~c, sulphuric, 
perchloric or acetic acid or ammonia in the aqueous 
phase did not prove suitable. For the W-SHA com- 
plex a 1: 1 v/v mixture of chloroform and isobutyl 
alchohol was found to be the best extractant. A 
mixture of the extract, methanolic lithium chloride 
solution and 0.0~.25~ sulphuric acid in a ratio of 
3 : 16 : 6 produced the best defined and most sensitive 
reduction wave or peak. Hydrochloric, perchloric, 
sulphuric or acetic acid was not found suitable. 
Lithium chloride was found to be the best supporting 
electrolyte. 

Calibrat~#n graphs 

For both molybdenum and tungsten the diffusion 
current varies linearly with the concentration of the 
metals over the ranges given in Table 1. 

Zntef@ences 

The effects of diverse ions and complexing agents 
are shown in Table 2. It is found that the Mo-SHA 
system can tolerate a high concentration of ascorbic, 
tartar&, citric or oxalic acid and fluoride. The 
W-SHA complex cannot be extracted in presence of 
ions of metals such as Cu, Co, Cd, Cr, Mn, Ni, Hg 
and Sn. To avoid precipitation of lead chloride, when 
lead is present, the MO and W are extracted from 
perchloric acid medium. 

AppIications 

Results for analysis of standard mixtures of molyb- 
denum and tungsten are given in Table 3. 
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Table 3. Determination of molyb- 
denum and tungsten in a mixture 

Taken, M Found, M 

1.0 x 10-r w 1.00 x 10-r 
1.0 x 1O-5 MO 1.00 x 10-5 

1.0 x 10-r w 0.97 x 10-S 
5.0 x 1O-5 MO 4.90 x lo-5 

5.0 x 10-S w 5.00 x IO-5 
1.0 x 1O-s MO 1.06 x 1O-5 

1.0 x 10-r w 0.97 x 10-r 
1.0 x 1O-4 MO 1.00 x 10-d 

1.0 x 1o-4 w 1.01 x 10-d 
1.0 x 1O-5 MO 1.01 x IO-5 

A steel sample containing manganese (0.64%), 
nickel (2.59%), chromium (0.75%) and molybdenum 
(0.43%) was analysed and the average molybdenum 
value found was 0.43%. A sample of Calcutta 
Metropolitan area sewage sludge was also analysed. 
The average molybdenum value found was 0.00 18%. 

An atomic-absorption analysis gave a value of 
0.0019%. 

The relative standard deviations for Mo-SHA 
extracted with MIBK-2% 2-aminoethanol was 3.8%, 
and for W-SHA extracted with chloroform/isobutyl 
alcohol it was 3.0%. 

Acknowledgemenfs-The authors express their thanks to the 
authorities of the Alexander Von Humboldt-Stiftung, West 
Germany for donation of the pulse polarograph. One of the 
authors (M.B.) wishes to thank the U.G.C., India, for the 
award of a research fellowship. 

REFERENCES 

1. S. K. Bhowal and M. Bhattacharyya, Z. Anal. Chem., 
1982, 310, 124. 

2. Idem, Indian J. Chem., 1984, 23A, 736. 
3. A. I. Vogel, A Text Book of Quantitative Inorganic 

Analysis, 3rd Ed., p. 567. Longmans, London, 1973. 
4. A. S. Bhaduri, Z. Anal. Chem., 1956, 151, 109. 
5. J. Heyrovsky and J. Kuta, Principles of Polarography. 

p. 540. Academic Press, New York, 1966. 
6. M. G. Johnson and R. J. Robinson, Anal. Chem., 1952, 

24, 366. 



Talanta, Vol. 36, No. 10, pp. 993-998, 1959 0039-9140/89 $3.00 + 0.00 
Printed in Great Britain. All rights reserved Copyright @ 1989 Pergamon Press pfc 

THE URANYL~HLORO-SUBSTITUTED BENZOIC 
ACID-RHODAMINE B-BENZENE EXTRACTION SYSTEM 

RE$AT APAK* and F~KRET BAYKUT 

Istanbul University, Faculty of Engin~~ng, Department of Chemistry, Vezneciler, Istanbul, Turkey 

ADNAN AYDIN 

Marmara University, Faculty of Science, Department of Chemistry, Fmdtkzade, Istanbul, Turkey 

(Received 10 September 1987. Remked 21 November 1988. Accepted 10 May 1989) 

Summary-Of the chloro-substituted benzoic acids, the 2-chloro and 2,4-dichloro compounds yield higher 
effective molar absorptivities than benzoic acid does in the Rhodamine B-benzene extractive spectro- 
photomet~c procedure for determination of uranium~V1). Carbonyi ~rn~unds (especially acetone) in 
the organic phase enhance the extraction of the ion associate. The stoichiometry of the complexes has 
been determined, and a method of computing the extraction constants of the ion-associates developed. 
A snectrophotometric method for determining uranium in the presence of interfering ions has been 

The highest molar absorptivities (6) for spectra- 

photometric determination of the many1 ion, UO:+, 
can be obtained by use of ion-association complexes 

with basic dyes, the e values ranging up to 10’ 
l.mole-‘.cm-‘. 

Rhodamine B, a xanthene dye, exists mainly in the 
lactone form,’ R, in non-polar solvents such as 
benzene. The cyclic structure opens in polar solvents 
such as water, ethanol and acetone, owing to reso- 
nance stabilization, and the zwitterion structure, R*, 
is formed. The latter accepts protons in stepwise 
manner,2 and the colour changes through the sequen- 
tial formation of the structures RH+, RH:+ and 
RH:+. 

The violet R* and RH+ forms of the dye exhibit 
similar absorption spectra, with absorption maxima 
at 553 and 556 nm, respectively. The Rhodamine B 
cation, RH+, binds anions such as chloride, bromide, 
perchlorate, in ion-associates which show similar 
spectra to that of the free dye cation. Extraction of 
the anions into organic solvents by the dye cation 
increases with the charge of the anion3 

The uranyl cation can be extracted from an 
aqueous benzoate buffer solution by benzene in the 
presence of Rhodamine B, in the form of a ternary 
ion-associate. The probable reactions are: 

U@+ + 3PhCOO- + H+ e H[UO*(P~COO)~] (1) 

benzene 

H[UO,(PhCOO),] + R e 

RH + WOZ (PhCOO)3 I,,, (2) 

The Rhodamine B cation, RH+, is responsible from 
the red-violet colour and brilliant fluorescence of the 
complex. 

*Author to whom all correspondence should be directed. 

A number of spectrophotometric determinations of 
uranium have been based on this4a5 and similar sys- 
tems.+” The present work was undertaken to obtain 
broader understanding of the system, and to increase 
the sensitivity by use of substituted benzoic acids. 

Apparatus 
Absorption measurements were made with a Beckman 

DB-GT spectrophotometer and l-cm Helma stoppered 
silica cuvettes. The pH was adjusted with the aid of a 
Metrohm E-512 oHmeter and an E-485 multiburette. The 
extractions were hone in specially manufactured stoppered 
glass tubes with ground joints. 

Reagents 

Uranyl nitrate 
IFluka. nurum). 

hexahydrate (Merck, p.a.), Rhodamine B 
benzoic acid (Riedel de Haen, powder, 

99.5%), 2-chlorobenzoic acid (Fiuka,purum), 3-chl&o and 
2,4-dichlorobenzoic acids (Aldrich, 98%) were used; all 
other reagents were Merck extra pure grade. 

For the preparation of 5OmM and 1000 as/ml uranyl 
solutions, corresponding amounts of uranyl nitrate hexahy- 
drate were dissolved in 1% nitric acid and standardized by 
evaporating suitable aliquots, followed by ignition at 800” 
to U,O, . The solutions were kept in the dark and prepared 
monthly. The uranyl solutions of various concentrations 
were prepared from these stock solutions at the time of use. 

Rhodamine B chloride was purified according to the 
procedure of Ramette and SandelI,” and 0.5 and 0.1% 
aqueous solutions of the dye were prepared (corresponding 
to 10.44 and 2.09mM con~n~ations, respectively). 

Benzoic acid and 2.chlorobenzoic acid were crystallized 
from distilled water; 3-chloro and 2,4_dichlorobenzoic acids 
were used without purification. 

For preparation of the benzoate buffer, 12.21 g of benzoic 
acid was dissolved in 10 ml of 6M potassium hydroxide and 
850 ml of distilled water by heating on a water-bath with 
occasional stirring; the solution was allowed to cool, and the 
pH was adjusted to 4.5 with potassium hydroxide and nitric 
acid. After standing overnight, the solution was filtered and 
diluted to 1 lime with distilled water. Analysis showed that 
the total concentration of the benzoic acid/benzoate buffer 
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was 78mM. For preparation of the 2chlorobenzoate buffer, 
15.66 g of 2chlorobenzoic acid was dissolved in 15 ml of 6M 
potassium hydroxide and 850 ml of distilled water by 
heating on a water-bath; the solution was cooled, adjusted 
to pH 4.5, and diluted to 1 litre to give a lOOmA solution. 

3Chlorobenzoate (69.5mM) and 2,4-dichlorobcnzoate 
(92.2mM) butfer solutions were likewise prepared, with pH 
4.5. All other solutions were prepared just before use. 

Recommended procedure for the determination of uranium in 
pure solutions 

Adjust the pH of the sample solution to 3.5-4.0, and take 
a 1 ml-aliquot containing 2.5-10.0 pg of uranium(VI). Add 
3 ml of 1OOmM 2chlorobenzoate buffer (pH 4.5) and 1 ml 
of 0.5% Rhodamine B chloride solution, let stand for 10 
min, then shake with 5 ml of benzene for 2 min. After 
separation of the phases, withdraw 3 ml of the organic 
extract by pipette, with special care to avoid water droplets. 
Measure the absorbance at 555 nm against a reagent blank. 
The c value for uranyl is about 9.5 x 104 1 .mole-’ .cn-‘. 

Recommended procedure for determining uranium in natural 
samples 

Weigh 0.5 g of sample (rock, soil, sediment etc.) contain- 
ing not less than 3 pg of uranium, into a Teflon crucible, add 
25 ml of 40% hydrofluoric acid and evaporate to dryness. 
Add 15 ml of hydrofloric acid and 10 ml of concentrated 
nitric acid, and once more evaporate to dryness. Digest the 
residue with 10 ml of concentrated hydrochloric acid for 
5 min and evaporate to dryness. Repeat the treatment with 
hydrochloric acid twice more, and dissolve the residue in 
25 ml of 6M hydrochloric acid. Extract this solution twice 
with 25-ml portions of ethyl acetate (omit the ethyl acetate 
extraction if the sample does not contain a relatively large 
amount of ferric iron). Evaporate the aqueous phase, take 
up the residue with 10 ml of 6M hydrochloric acid and add 
40 ml of methanol. Pass this solution through a burette 
containing 25 ml of Dowex-1 x 8 (chloride form) anion- 
exchange resin previously washed with hydrochloric 
acid-methanol mixture (1:4 v/v) at 1 ml/min. Wash the 
column with 50 ml of this wash solution, then elute the 
uranium with 100 ml of 1M hydrochloric acid. Evaporate 
the eluate to dryness, and calcine it to destroy any organic 
matter. Dissolve the residue in dilute nitric acid, adjust to 
pH 4, and dilute the solution accurately to 10 ml. Analyse 
an aliquot, preferably containing 2.5-10.0 pg of uranium, 
by the 2-chlorobenzoate-Rhodamine B method. 

RESULTS AND DISCUSSION 

Preliminary experiments 

Saturated aqueous solutions of various carboxylic 
acids buffered to pH 4.5 were prepared, and 3 ml of 
each buffer, 2 ml of 10 ppm uranyl nitrate solution 
(pH 4) and 1 ml of 0.1% Rhodamine B solution were 
mixed and shaken for 2 min with a saturated solution 
of the same carboxylic acid in benzene. The colours 
developed in the organic extracts were compared with 
those of blank extracts similarly prepared without the 
uranyl ion. 

Aliphatic acids such as acetic, oxalic, tartaric, citric 
and malic, hydroxy-aromatic acids such as salicylic, 
2,3-dihydroxybenzoic and gallic, and benzene-soluble 
aromatic acids having strongly electron-attracting 
substituents, viz. -NO, and --SOS groups (e.g., 2- 
chloro-4nitrobenzoic acid, sulphosalicylic acid) gave 
high blank absorptions. On the other hand, the 
organic acids insoluble or sparingly soluble in ben- 

zene, such as sulphanilic, 4-nitrobenzoic, nicotinic, 
isonicotinic, citrazinic, 3- and 4-dimethylamino- 
benzoic, 3- and 4-aminobenzoic, 5-aminosalicylic, 
furoic and orthanilic, did not give coloured uranium 
extracts. Hence none of these acids was useful for 
determination of uranium. 

The chlorobenzoic acids, e.g., 3-amino-4- 
chlorobenzoic, 2-chlorobenzoic, 3-chlorobenzoic, 
and 2,4-dichlorobenzoic, gave useful colours with 
uranium. 

2-Aminobenzoic acid, 3- and 4-dimethylamino- 
benzoic acids, nicotinic and isonicotinic acids, 4- 
nitrobenzoic acid, 2-chloro-4nitrobenzoic acid and 
furoic acid proved effective when 20 :40: 40 v/v/v 
IBMK-benzene-ethyl acetate solvent mixture was 
used, probably as a result of increased solubility of 
the acid. 

Basic dyes found capable of forming benzene- 
extractable uranylorganic acid-dye ion-associates 
were Crystal Violet (a triarylmethane dye), 
Methylene Blue (a thiazine dye), Nile Blue A (an 
oxazine dye), auramine (a diarylketoneimine dye), 
and safranine (an azine dye). The highest molar 
absorptivity was obtained with Rhodamine B. 

Extractability and absorption spectrum of the uranyl 
complex formed with 2-chlorobenzoate 

Two solutions containing 2 pmole of uranium, and 
2 ml of 0.5% Rhodamine B solution were mixed with 
3 ml of benzoate or 2-chlorobenzoate buffer in sepa- 
rate test-tubes. Both were extracted with 5 ml of 
benzene; the organic phases were removed, and the 
aqueous phase was extracted again with 5 ml of 
benzene after addition of the same amounts of buffer 
and dye. The second extract from the benzoate- 
buffered solution was intensely coloured whereas the 
2-chlorobenzoate extract was nearly colourless, indi- 
cating a higher degree of extraction with this buffer. 

The two complexes had similar spectra. The ab- 
sorption maxima for the blank and uranium extracts, 
measured against benzene, were at 549 and 552 nm, 
respectively, and that for the uranium extract 
measured against the blank was at 555 nm. The red 
shift for the uranyl complex may be due to decrease 
in the energy of the lowest x* orbital because of 
increased conjugation in the x-electron system of the 
ternary complex. 

Composition of the complex 

The molar ratio method’2.‘3 proved useless for 
establishing the composition of the complex. As the 
[chlorobenzoate]/[UO:+] ratio was increased at con- 
stant metal and Rhodamine B concentration, the net 
absorbance of the extract sharply increased initially 
with ligand concentration, then gradually to reach a 
plateau, at a ligand/metal molar ratio of about 100 
(Fig. 1). 

The molar ratio curves were useful for determining 
the extraction constant (K,,) of the complex rather 
than the molar composition. 
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Fig. 1. Molar ratio curves for extraction of uranyl-2- 
chlorobenzoate-Rhodamine B ternary complex into ben- 
zene, Vyg 12.1 ml, V, 5 ml. Total ligand concentration [L]. 
Uranium taken, pmole: A, 0.0890; B, 0.0798; C, 0.0415; D, 

0.0176. 

The slope ratio methad’z’4 

Since it was clear from the molar ratio and Job 
plots that the dissociation of the ternary complex 
could not be suppressed unless two of the three 
variables (uranyl, ligand and dye) were in large 
excess, the slope ratio method was chosen. 

Mixtures of 5 ml of the 1OmM excess component 
(Iigand or metal) solution, 5 ml of 0.5% dye solution, 
and various volumes of 1mM variable component 
(metal or ligand) solution, all preadjusted to pH 4.5, 
were mixed and extracted with 5 ml of benzene, 
absorbances of the extracts being recorded at 555 nm. 
Linear regression analysis of the net absorbances as 
a function of amount of variable component indi- 
cated a 1: 3 complex between uranyl and 2-chloro- 
benzoate. 

The uranyl-dye ratio was determined as 1: 1 by 
Job’s method of continuous variations, applied with 
an excess of 2-chlorobenzoate present. 

Determination of the extraction constant of the ternary 
complex 

The complex is visualized as formed according to 

UO& + 24,) + ! WA&, 

+R,,,S RH+(UOzAZ (3) 

where A- and (HA), are the anionic and dimeric 
forms of 2-chloro~nzoic acid, R and RH+ the 
lactone and protonated forms of Rhodamine B, and 
(w) and (0) indicate the aqueous and organic phases. 

If the initial con~ntrations in the phases indicated 
are c, for uranyl, c, for 2-chlorobenzoate, cu+,,jZ for 
2-chlorobenzoic acid dimer, and ca for Rhodamine B 
(lactone), and a concentration of XM uranyl ion is 

assumed to be transferred from the aqueous to the 
organic phase for the formation of the ion-associate, 
then the extraction constant, K_, is 

(4) 

Equation (4) is derived by neglecting the decrease in 
cA, ctHAj2 and ca due to complex formation, since they 
are much larger than x. 

The procedure for computing the extraction con- 
stant was an adaptation of the method of Edmonds 
and Birnbaum.14 In the molar ratio method, different 
~mbinations of metal and ligand yielding identical 
absorbances were assumed to produce the same 
concentration of ternary complex in the extracts. The 
outcome of this argument is the following equation 

(CM - x)c:c~~a,, = (CL - x)c:c;&, (5) 

where c and c’ are the con~ntrations of the corre- 
sponding components in the two solutions yielding 
the same absorbance. 

Then a quantity m is defined by 

giving 

x = (c, -m&)/(1 - m) (7) 

Pairs of c and c’ values yielding identical absorbances 
in the organic phase were selected from the molar 
ratio curves (Fig. 1) and evaluated to compute m, x, 
and K, values. 

The concentration of the dye in the benzene 
extract, ca, was computed with the aid of an equation 
derived from the data of Ramette and Sandell” for 
Rhodamine B equilibria in water-benzene mixtures. 
The distribution coefficient, E, of Rhodamine B as a 
function of pH was 

E = 2.8 x 103/(1.0 $2.325 x l0-pH) (8) 

Since 2 ml of 0.5% aqueous solution of Rhodamine 
B (20.88 pmole) was extracted at pH 4.5 into 5 ml of 
benzene, ca was 4.17 x 10m3M. 

For the calculations of c,, cuA and ctuHAZ, the 
following equilibria were considered: 

C(HAtzco3 = & CkA$w> (9) 

(& = dimerization constant) 

CACW, IcH.*,v, = &,‘[H+] = K~jtO-pH (LO) 

(K, = acidity constant) and the ligand balance: 

cA,~, + CHA,~, + 2( v, i v~ ) +A)+,, = CL (11) 

If a = 2&(V,,/V,) and b = 1 + (&/lo-pH), treat- 
ment of equations (9)-(11) yields a quadratic 
equation 

UC&,+bCHA-Q-0 W) 
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3.5 4.5 5.5 6.5 1.5 6.5 

PH 

Fig. 2. Dependence of molar absorptivity on the aqueous 
phase pH (,I = 555 nm). A: Uranium-containing extract 
measured against benzene. B: Uranium-containing extract 
measured against reagent blank. C: Reagent blank 

measured against benzene. 

from which 

cHL = [-b + (bz + 4ac,)“*]/2a (13) 

Thus, all terms of equation (4) could be calculated, 
and by treatment of 6 sets of values, yielded a K,, 
value of (2.7 + 0.8) x lo9 at the 95% confidence level. 
Similar reasoning may also be applied for the compu- 
tation of the extraction constants for other ion- 
associates with basic dyes, extracted into organic 
solvents. 

Investigation of the basic variables of the extraction 
system 

Aqueous phase pH. An aqueous solution consisting 
of 5 ml of 40mM 2-chlorobenzoate buffer of the 
required pH, 2 ml of 0.5% Rhodamine B solution, 
and 0.05 pmole of uranyl nitrate was shaken with 
5 ml of benzene, and the absorbance of the extract 
was compared with that of the corresponding blank 

ml H,O 

Fig. 3. Effect of dilution on absorbance (2 = 555 nm) A: 
Uranium-containing extract measured against benzene. B: 
Uranium-containing extract measured against reagent 

blank. C: Reagent blank measured against benzene. 

- \ 

(Fig. 2). The highest absorbance was observed at 
around pH 4.5. 

Dilution of the aqueous phase. Aqueous solutions 
each consisting of 2 ml of 1OOmM 2-chlorobenzoate 
buffer of pH 4.5,2 ml of dye solution and 0.05 pmole 
of uranium, were diluted to different volumes with 
water, and extracted with 5 ml of benzene. The net 
absorbances of the extracts were plotted vs. volume 
of water added to the initial 4.1 ml of aqueous 
solution (Fig. 3). The extraction of the complex 
diminished as the aqueous phase was diluted. How- 
ever, if the buffer concentration in the aqueous phase 
was kept at lOOmA4,0.08 pmole of uranium could be 
completely extracted. 

Shaking time, co/our stability, and reproducibility. 
The absorbances of the extracts did not significantly 
differ when the shaking period was varied from 15 set 
to 2 min. For samples buffered at pH 4, the initial 
colour of the extracts was stable within 2% for three 
days. For determination of 2 pg of uranium, the 
relative standard deviation (8 determinations) was 
13.6%. 

Table 1. The ability of oxygenated solvents to extract the uranyl-2-chlorobenzoate-Rhodamine 
B ternary complex into their mixtures with benzene 

Uranyl-liganddye 
Solvent : benzene 

Solvent mixture ratio A,,, nm %nax* %5’ 
Benzene pure 555 7.59 x 104 7.59 x lo4 
Acetone l:l 555 1.18 x 10’ 1.18 x 10’ 
Methyl ethyl ketone l:l 555 1.05 x 10’ 1.05 x IO5 
Dioxan l:l 555 8.34 x 104 8.34 x lo4 
Ethyl acetate l:l 552 7.67 x lo4 7.54 x lo4 
Isoamyl acetate l:l 552 5.86 x IO4 5.85 x lo4 
Methyl benzoate I:1 555 9.51 x lo4 9.51 x lo4 
Methvl ProPvl ketone I:1 555 8.71 x IO4 8.71 x lo4 

(+28.6%- hiethyl ether) 
IBMK 
4-Octanone 
Benzaldehyde 

1:l 555 8.99 x IO4 8.99 x lo4 
1:l 555 8.19 x 10’ 8.19 x 10’ 
I:4 558 9.81 x lo4 9.61 x lo4 

*I.mole-‘.cm-‘. 
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Choice of solvent. Most carbonyl-type solvents 
extracted the uranyl-dye combinations without the 
2-chlorobenzoate buffer, but the blanks were also 
intensely coloured, so the ligand buffer should be 
used in quantitative work. When the carbonyl-type 
solvents were mixed with benzene, the molar absorp- 
tivities were enhanced (Table 1). Ester-benzene 
mixtures were not useful, giving no improvement in 
absorptivity, whereas benzene-ketone mixtures gave 
absorptivities of up to lo5 1. mole-’ .cm-I. A 1:4 benz- 
aldehyde-benzene mixture extracted the uranyl ion, 
possibly as the uranyl-~~aldehyd~Rhodamine B 
ternary complex even in absence of 2-chlorobenzoate, 
but the colour of the organic extract was not per- 
sistent, probably involving a charge-transfer decom- 
position of benzaldehyde by free radical formation. 

A hydrogen-bonded association complex has been 
reported for ~nzen~methyl ethyl ketone (enolic 
form) mixtures, designated as Ar . . . H-UR.‘s In 
these intermolecularly stabilized enol-benzene associ- 
ates, capable of ionic dissociation, the benzene 
molecules were assumed to behave, by proton uptake, 
as cations, and deprotonated enol molecules as an- 
ions, the whole structure possibly contributing to the 
resonance of the Rhodamine B cation. Thus, the 
intensification of colour resulting in higher absorp- 
tivities in the case of keto-solvents could arise from 
the uneven electron-density distribution of the 
resonance hybrids. 

Comparison of the chioro -substituted benzoic acids 
in the extraction system. Benzoic acid and its 2-, 3-, 
and 2,4-chloro-derivatives were compared as buffer 
ligands with respect to the molar absorptivities of 
their ternary uranyl complexes extracted into ben- 
zene. In addition, the solvent mixture used by 
Moeken and Van Neste’ (64% vjv benzene-20% 
diethyl ether-16% 1BMK) was prepared, and 3Om~ 
solutions of the ligand acids in this solvent mixture 
were used as extracting solvents instead of benzene. 
Ether was added when necessary, to suppress the 
colour of the blank extracts. Use of a solution of free 
2-chlorobenzoic acid in Moeken’s mixture improved 
the molar absorptivity. 

When a I: 1 acetone-benzene mixture, previously 
saturated with water, was used as the extracting 
solvent, a molar absorptivity of about 1.2 x 10’ 
1 .mole-’ .cm-’ was achieved with the 2-chloro- 
benzoate buffer. 

The overall results for the acids are given in 
Table 2. 

Analysis of certiJied materials 

Results of the analysis of certified materials by the 
recommended spectrophotometric procedure and by 
pellet fluorimetry (flux: 99% NaF: 1% LiF w/w) are 
shown in Table 3. 

CONCLUSIONS 

From the preliminary investigations on ligand 
selection, it was concluded that the aromatic acids 
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Table 3. Analysis of IAEA certified reference materials 

Material 
code 

S-7 
S-8 
s-12 
s-17 

Type of 
uranium ore 

Pitchblende 
Pitchblende 
Pitchblende 
Phosphate 
matrix 

Uranium 
content 

0.527% U,O, 
0.140% u,o, 
0.014% u,o, 

0.077% u 

Found, % 

Spectrophotometric Fluorometric 

0.497 0.554 
0.145 0.138 
0.013 0.014 

0.072 0.085 

capable of extracting uranium(VI)-dye combinations 
should 

(a) form complexes with uranium(V1) in aqueous 
solution; 

(b) be soluble in the extracting solvent (e.g., 
benzene); 

(c) not have strongly electron-attracting (-NOZ, 
-SO,H) or electron-donating (-NH,, *H) sub- 
stituents, but may have mild electron-attracting sub- 
stituents such as -Cl in different positions of the 
aromatic ring; 

(d) have appropriate pK, values. 

3Chlorobenzoic acid does not satisfy the solubility 
criterion. For benzoic, 2-chlorobenzoic and 2,4- 
dichlorobenzoic acids, the order of decreasing pK, is 
also the order of increasing molar absorptivity of 
the ternary complexes in benzene. It is known 
from pseudomolecular systems that for similar com- 
plexes a ligand with higher acidity yields a less 
stable complex but a higher distribution coefficient.i6 
Here, the ternary complex with the more acidic 
ligand 2chlorobenzoic acid is less stable but more 
extractable than the complex with benzoic acid. 
Aromatic carboxylic acids having strongly electron- 
attracting groups give intensely coloured blanks. 
Acids having electron-donating groups such as -OH 
or -NH, are not suitable ligands in the benzene 
system, but most of them are soluble in a mixture of 
benzene, ethyl acetate and IBMK, and give reason- 
ably high molar absorptivities for their ternary 
complexes in the uranium(VI)-dye systems. 

Simple ketones such as acetone, possessing an 
affinity for both aqueous and organic phases, have 
the greatest positive effect on the extractability and 
absorptivity of the ternary complex, possibly because 

of diminished dissociation of the complex in the 
aqueous phase and a contribution of the carbonyl 
function to the overall resonance of the complex. 
However, since selectivity is expected to decrease 
when polar solvents are used for extracting the 
ion-associates (most ion-pairs can then be easily 
extracted), I6 benzene should still be the solvent of 
choice. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

IO. 

Il. 

12. 

13. 
14. 
15. 
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DETERMINATION OF MERCURY IN ENVIRONMENTAL 
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Summary-Mercury is determined at below the pg/ml level by a combination of cold vapour generation, 
trapping in a gold-coated graphite furnace and atomic-absorption detection. The mercury is reduced to 
the element by stannous chloride, stripped from solution by a stream of nitrogen and collected on a 
gold-coated porous graphite disk in a graphite furnace. It is then atomized by increasing the graphite 
furnace temperature and detected by an atomic-absorption spectrophotometer. The absolute detection 
limit and the characteristic mass were found to be 5 and 20 pg for 0.0844 absorbance, respectively. The 
concentration limit of detection was 0.1 pg/ml for a W-ml sample, and the linear dynamic range covered 
three orders of magnitude. The precisions of the measurements were 2.7% for 0.1 ng and 2.6% for 2 ng 
of mercury. Analyses of NBS and NIES reference materials showed quantitative recovery. Analytical 
results obtained by the technique are presented for natural waters, marine biota and sediments. 

Recently, owing to the growing concern with mercury 
pollution in the en~ronment, extensive progress in 
determination of environmental mercury has been 
made. Cold vapour atomic-absorption spectropho- 
tometry (CVAAS) has generally been used for the 
determination of mercury in solution because of its 
simplicity, high sensitivity and relative freedom from 
interferen~s.‘.z The detection limits of CVAAS have 
been further lowered by combining it with novel 
metal amalgamation techniques.r-’ Among the metals 
used for this purpose are copper, silver, gold and 
platinum.5 The sensitivity of this technique is more 
than an order of magnitude better than that of an 
ordinary CVAAS technique and the absoiute detec- 
tion limit is typically cu. 0.1 ng of mercury.2 However, 
for the determination of mercury in natural waters, 
even CVAAS with the novel metal-amalgamated 
mercury trap requires more than 1 litre of sample.’ 
Processing of such a large sample volume is time- 
consuming and vulnerable to contamination. Thus, 
the development of an even more sensitive yet simpfe 
method would further open up study of the environ- 
mental chemistry and geochemistry of mercury. 

The objective of this study was to develop a novel 
technique to determine mercury with sufficient sensi- 
tivity for a small volume of water to be analysed 
directly. The method is designed so as to minimize the 
number of sample pretreatments and the amount of 
reagent added; this reduces the risk of contamination, 

*Author to whom correspondence should be addressed. 

For this purpose, a commercially available 
trothermal atomizer, the Varian-Techtron CRA-90, 
was modified so that it could be coupled directly to 
a mercury vapour generator. A gold-coated porous 
graphite disk was placed inside the atomizer to trap 
the mercury vapour. The applicability of the method 
to the analysis of environmental samples, including 
natural waters, has been demonstrated. 

EXPERIMENTAL 

Apparatus 

A schematic diagram of the mercury detection system is 
shown in Fig. 1. The sample was collected in a cylindrical 
borosilicate-glass tube (15~1 long, 3.2cm diameter) mer- 
cury vapour generator equipped with two ports. One of the 
ports was used as the outlet for sweeping mercury vapour 
from the reaction vessel to the atomizer with nitrogen as 
carrier-gas, through a fritted-glass bubbler. The other was 
used to introduce the stannous chloride solution used for 
reduction of the mercury. This solution was injected into the 
generator by a IO-ml hy~e~ic syringe through a 6.4 mm 
diameter septum in a quick coupling. The mercury vapour 
generated in the reaction vessel was collected in a modified 
carbon rod atomizer. The atomizer was made by drilling a 
3-mm diameter hole, parallel to the rod axis, in the middle 
of the front carbon rod electrode of the Varian-Techtron 
CRA-90. At the rear of the front electrode a gold-coated 
porous graphite disk, 3 mm in diameter and 2 mm thick, was 
placed in the bore of this hole, The graphite tube was 
positioned so that its sample injection port was aligned with 
the hole in the electrode. A fused-silica tube (4 cm long, 
0.25 cm o.d.) was inserted into the hole of the front electrode 
until it was touching the porous graphite disk. The silica 
tube and the reaction vessel were connected by a IS-cm 
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Nitrogen - 

Carbon rod atomizer 

graphite 

Fig. 1. Apparatus for the determination of mercury by cold vapour generation. 

length of 0.5-cm o.d. nylon tubing; a Teflon tape wrapping 
was used to achieve gas-tight joints. The collected mercury 
was then atomized by increasing the temperature of the 
atomizer and detected by a Perkin-Elmer 5000 atomic- 
absorption spectrophotometer, the signal being recorded on 
a Perkin-Elmer A-100 strip-chart recorder. A Perkin-Elmer 
electrodeless discharge lamp (EDL) was used as the light- 
source. The operating instrttmental parameters were 7 W 
EDL Dower. 253.7 nm wavelength, 0.7 nm band-width, 
and 400 ml/min nitrogen carrier-gas flow for purging and 
20 ml/min for atomizing. The temperature programme of 
the carbon rod atomizer was 80” for 10 set for drying, 160 
for 10 set for ashing, and 600” for 1 set for atomizing, with 
6OO”/sec ramp rate. Peak heights were measured. 

Gold-coatedporous-graphite mercury trap. A l-cm length 
of porous graphite rod (3 mm diameter, Ultra Carbon 
Corp.) was inserted 2 mm into the inner end of the hole 
drilled in the modified front carbon rod electrode of the 
atomizer and cut off with a razor blade. The electrode was 
then placed upright in a 1.0-g/1. auric chloride solution and 
connected to an aspirator to achieve homogeneous diffusion 
of the solution into the disk. After drying at room temper- 
ature, the electrode was placed in the carbon rod atomizer 
and the gold(III) reduced to the metal by atomization at 
1000” several times. 

Reagents 

A working mercury solution was prepared by diluting a 
Coleman atomic-absorption standard solution (loo0 mg/l. 
mercury in 1% v/v nitric acid). The stannous chloride 
solution was purified by purging with nitrogen gas overnight 
at a 400 ml/min flow-rate. Hydrochloric acid and nitric acid 
(Merck reagent grade) were purified by redistillation in a 
Teflon still. The water used was distilled and demineralized. 
Any mercury in the nitrogen was removed by passing the gas 
through a U-tube containing a gold-coated molecular sieve. 

Procedure 

The mercury vapour generator was generally filled with 
50 ml of sample solution. This was acidified with 1 ml of 2M 
nitric acid and then 0.5 ml of 20% stannous chloride 
solution was added through the injection port under a 
nitrogen purge at a flow-rate of 400 ml/min. Two minutes 
later, the nitrogen flow-rate was reduced to 20 ml/min and 
carbon-rod atomization was applied. 

Pretreatment of marine biota and sediments. About 0.5 g 
of freeze-dried sample was digested with 10 ml of concen- 
trated nitric acid for marine biota or with 11 ml of mixed 
concentrated acids (3 ml of nitric, 2 ml of perchloric, 6 ml of 
hydrofluoric) for sediments, until completely decomposed, 
and the solution was evaporated to dryness. The residue was 

taken up in 25 ml of 1M nitric acid. A suitable aliquot of 
the solution (e.g., 0. l-l ml) was pipetted into the generator, 
1 ml of 2M nitric acid was added, the solution was diluted 
to 50 ml with distilled demineralized water, and the 
procedure above was applied. 

RESULTS AND DISCUSSION 

Mercury vapour generation 

No measurable difference in the efficiency of reduc- 
tion was observed for various mercury concentrations 
when the stannous chloride reagent concentration 
was varied between 1 and 20%. On the basis of this 
study, a 20% solution was chosen as optimal. 

The effect of the nitrogen-purge flow-rate in the 
trapping system was studied with 1 ng of mercury. As 

shown in Fig. 2, the AAS signal was maximal when 
a nitrogen-purge flow-rate in the range 350-450 ml/ 
min was used for trapping. Serious pressure build-up 
appeared in the detection system when flow-rates 
above 600 ml/min were used. On the basis of these 
observations, a nitrogen-purge flow-rate of 400 ml/ 
min was used for all subsequent experiments. 

The effect of the reduction time was studied with 
1 ng of mercury in 50 ml of O.OSM nitric acid and 

N2 flow-rate (ml/n-An 1 
Fig. 2. Effect of purging flow-rate of nitrogen carrier gas on 
the absorbance of mercury (1 ng of Hg in 50 ml of O.OSM 

HNO, was reacted with 0.5 ml of SnCl, solution). 



Mercury in environmental samples 1001 

0.20 

0.15 

g 
x 

1 O.‘O 

0.05 

II 
0 

I I I I I 

1 2 3 4 5 

Reaction time (min) 

Fig. 3. Effect of reaction time on the absorbance of mercury 
(1 ng of Hg in 50 ml of 0.05M HNO, was reacted with 0.5 ml 

of SnCl, solution). 

reaction with 0.5 ml of 20% stannous chloride solu- 
tion. Figure 3 shows that the absorbance was maxi- 
mal when the reaction time was 2-5 min, so reaction 
for 2 min was selected in order to minimize analysis 
time. The same pattern was found for various en- 
vironmental samples. 

The dependence of the peak absorbance on the 
nitrogen flow-rate used in the atomization step is 
displayed in Fig. 4. The absorbance was constant at 
flow-rates in the range 5-20 ml/min but sharply de- 
creased at rates above 20ml/min. This is due to the 
shorter residence time of free atoms in the graphite 
tube at higher gas flow-rates. Therefore, 20 ml/min 
nitrogen flow was chosen for the atomization step. 

Detection 

The absolute detection limit and the characteristic 
mass were 5 pg, and 20 pg for 0.0044 absorbance, 
respectively. The detection limit was calculated as the 
amount of mercury equivalent to three times the 
standard deviation of the baseline signal, and is 
equivalent to a concentration detection limit of 
0.1 rig/l.. in a 50-ml sample. Typical blank values were 
in the range 10-50 pg for 0.2-l rig/l.. mercury, and 
varied according to the volume of blank solution and 
the source of the reagents used. 

The precision of the method was evaluated by 
replicate analyses for 0.1 and 2 ng of mercury. The 
relative standard deviations of 10 replicate determi- 
nations were 2.7% for 0.1 ng and 2.6% for 2 ng of 
mercury. The accuracy was further tested by deter- 

0.X 

g 

f 0.15 

P 

oAoo-- 
2u 40 60 EO loo 

N2 flow-rate (mUmin 1 

Fig. 4. Effect of atomizing flow-rate of nitrogen carrier gas 
on the absorbance of mercury (1 ng of Hg in 50 ml of 0.05M 

HNO, was reacted with 0.5 ml of SnCI, solution). 

mining the mercury contents of some NBS and NIES 
reference materials. As shown in Table 1, the results 
were in good agreement with the certified values. The 
calibration graph was linear from 0.01 to 10 ng of 
mercury (r = 0.998, n = 5), corresponding to a linear 
range of three orders of magnitude. 

The efficiency of trapping the mercury on the 
gold-coated porous graphite disk was tested by 
directly injecting 0.1 ml of nitrogen saturated with 
mercury vapour at 25” (equivalent to 2 ng of mer- 
cury) into the carbon-rod atomizer through a septum, 
with a gas-tight syringe. The light-source is switched 
on and the mercury absorbance is continuously mon- 
itored on the digital display of the atomic-absorption 
spectrophotometer. No leakage of mercury through 
the disk was detected. 

Lgetime of the gold-coated graphite disk 

The efficiency of absorption of mercury on the 
gold-coated disk was reduced to ca. 90% of its initial 
value after ca. 250 analysis cycles but the original 
efficiency was easily restored by running two or three 
clean-up atomizations. However, after 1000 analysis 
cycles the efficiency could not be completely restored 
in this way, and the disk was recoated with gold. 

Environmental samples 

Natural waters, marine biota, and sediments were 
analysed for mercury by the proposed method. The 
results are presented in Tables 2-4, respectively. 

In Table 2, the vertical profile of the mercury 

Table 1, Determination of mercury in NBS and NIES reference materials 

Mercury content 

Reference material 

Water 
(NBS SRM 1641b)* 

This work 

1.50 f 0.03 pgglml 
(n = 3) 

Certified value 

1.52 f 0.04 m/ml 

Mussel 0.03 0.05 /Jg/g+ 
(NIES CRM 6) 

Estuarine sediment 
(NBS SRM 1646) 

*Dry weight. 
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Table 2. Mercury in natural waters 

Amount of 
Location and Depth, mercury (n = 2), 

Sample sampling period m WV 

Lake water Soyang, Korea 0 8.7 + 0.1 
(37”56’N, 2 7.8 + 0.5 
127”49’E), 5 8.8 & 0.1 
28 May 1987 10 8.4 f 0.4 

20 6.7 f 0.7 
30 3.8 + 0.4 
50 3.3 f 0.3 

Rain water Ansan, Korea 3.9* 
19 June 1987 

*Single determination. 

Table 3. Mercury in mussels 

Mercury, pgg/g dry wt. 

Species 

M. coruscus 

M. edulis 

M. edulis 

M. edulis 

Location 

East Coast, Korea 
Hajodae 
Samchok 
Pohang 
Ulsan 
South Coast 
Pusan 
Masan 
Yeosu 
Mokpo 
West Coast 
Daechon 
Mallipo 

This work (a = 3) Other worki 

0.102 f 0.003 
0.088 + 0.006 
0.021 f 0.083 
0.022 f 0.003 

0.01~.11 
0.036 f 0.005 
0.037 f 0.001 0.03 
0.024 + 0.086 
0.040 f 0.007 

0.023 f 0.001 
0.055 + 0.002 

Table 4. Mercury in sediments 

Mercury, 
Location and Depth in pglg dry wt. 
sampling core, Deposition 
period cm period* This work Other workI 

Ulsan Bay O-2 1981-85 0.18 0.16 
,(35”23’N, 2-4 1977-81 0.14 
129”22’E; 6-8 1969-73 0.14 
water depth, 8-10 1965-69 0.13 
12m) lo-12 1961-65 0.12 
21 Sept. 1985 12-14 1956-61 0.10 

14-16 1952-56 0.08 
16-18 1948-52 0.10 
18-20 1944-48 0.10 
2&23 1938-44 0.09 
23-26 1932-38 0.08 

*See also Ref. 11. 

concentration in Lake Soyang (near Seoul) is given. 
The profile was found to be very similar to that of the 
water temperature.’ The relatively high levels of 
mercury in the upper 10-m layer may be due to 
passenger ships on the lake. 

Table 3 shows the mercury concentration in marine 
biota around the South Korean peninsula. Since the 
mercury concentrations in mussels normally vary 
from place to place in the world, no direct compari- 
son was possible. However, if the normal levels of 
mercury in mollusca are taken to be in the range 
0.04-l pg/g dry weight,9 our results in Table 3 are in 
the same range and agree with reference data.‘O 

Table 4 gives the mercury concentrations in sedi- 
ments from Ulsan Bay, the most heavily industrial- 
ized area in South Korea; the results show a 
remarkable increase in mercury concentration since 
1960, and this may be due to a large influx of mercury 
from the Ulsan Industrial Complex established in this 
period. 
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Summaq-2-[2-(5-Bromopyridyl)azo]-4,5-dimethylphenol (BrPDMP) and 2-[Z-benzothiexolylexo)~S- 
dime~y~aminophenol (BTADAP) have heen synthesised and compared, as reagents for cadmium, with 
the related dyes BrPADAP and BTDMP. The new dyes both form stable highly coloured 2: 1 complexes 
with cadmium, with molar absorptivities (in o-xylene solution) of 3.8 x 10’ l.mole-’ .cm-t at 590 nm 
(BrPDMP) and 4.5 x 104 1 .mole-’ .cm-’ at 600 nm (BTADAP). Cadmium can be determined by 
extraction under alkaline conditions with a solution of BTADAP in xylene. Beer’s law is obeyed up to 
at least 16 peg of cadmium. A limit of detection of 0.15 pg has heen estimated and a coefficient of variation 
of 3.3% at the 5 c(g level was found. The only species which interfere seriously are Co*+, NiZ+, and Ca*+. 
A 200-fold excess of zinc may be tolerated. The method has been applied to the determination of cadmium 
in water samples, plant materials and hair. Interferences were overcome by preliminary extraction into 
Aliquat/carbon tetrachloride. The acid dissociation constant of BTADAP (pK = 9.5) and formation 
constant of the cadmium-BTADAP complex (log J!I = 15.1) have been determined. 

Cadmium in aqueous solution has been determined 
calorimetrically by extraction of its dithizonate 
complex for more than 50 years.’ The method 
has a low limit of detection but is not specific. 
Selectivity is achieved by stripping and re-cxtraction 
of the cadmium. More recently, a number of 
azolyfazo-dyes have been prepared and inves- 
tigated for the determination of cadmium.2*3 These 
include bromobenzothiazolylazonapthol (BrBTAN)’ 
and 6-bromo~nzot~~o~yl-(2-azo-2)4methyI- 
phenol (BrBTAC).” The reagent 2-(2benzothiazolyL 
azo)-4,Sdimethylphenol (BTDMP) has been 
reported as a sensitive and highly selective reagent 
for cadmium (E = 5.2 x 10’ 1. mole-‘. cm-’ at 
600 nm in o-xylene).6 The most sensitive reagent 
for cadmium so far reported is 2-[2-(Sbromo- 
pyridyl)azo]-S-dimethylaminophenol (BrPADAP) 
(6 = 1.4 x lo5 1. mole-‘. cm-’ at 555 nm in 3-methyl- 
l-bu~ol),’ but it is less selective than BTDMP. The 
compound 2-(2-bcnzothiazolylazo)4,6-dimethyl- 
phenol (BTADMP) has also been reported as a 
reagent for cadmium.8 

In the present work, the component amines of 
BTDMP and BrPADAP have been diazotized and 
cross-coupled to yield two new compounds BrPDMP 
and BTADAP. These have been examined as poten- 
tial reagents for cadmium and compared with the 
parent compounds. 

EXPERIMENTAL 

A Pye-Unicam SPS-100 spectrophotometer, glass equili- 
bration tubes, 25 cm long and 1.5 cm in diameter, fitted with 
ground-glass stoppers or plastic screw caps, and a pH-meter 
calibrated with standard buffer solutions over the pH range 
4-12, were used. 

Reagents for syntheses 

The starting materials (Ald~ch) were used without further 
purification. The 3-dimethylaminophenol was dissolved in 
the minimum amount of aqueous ZM sodium hydroxide. 
After filtration, addition of sodium hydroxide was con- 
tinued. Any black suspension was removed and the colour- 
less precipitate which &ally formed was separated, washed 
with water and dried under nitrogen (m.p. 79-81’). All other 
reagents were of analytical grade. 

Synthesis of BrPDMP 

A mixture of 2.1 g of sodium amide, 10.0 g of 2-amino& 
bromopy~dine and 30 ml of ethanol was refluxed under 
nitrogen. After 1 hr, 5 ml of isopentyl nitrate were added. 
After 3 hr the mixture was allowed to cool and the solid 
sodium diaxotate was separated and dried under vacuum. A 
solution of 1.7 g of the sodium diaxotate in ethanol was 
added dropwise to 0.26 g of 3,4dimethylphenol in 20 ml of 
ethanol at O-5” protected by a stream of carbon dioxide 
which was maintained for 3-4 hr. The precipitate formed 
was discarded and the yellow subpart liquid was al- 
lowed to evaporate in air. The dark solid which separated 
was recrystallixed from a mixture of ethanol and water (2: 1) 
to yield BrPDMP. 
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Table 1. Yields and characteristics of the synthesized dyes and their cadmium complexes (spectral data are for solutions 
in o-xylene) 

BrPDMP BrPADAP BTADAP BTDMP 

Yield, % 10 20 80 75 
Colour Dark red Dark red Violet Brown-orange 
Sublimation point, “C 150 190 200 170-180 
I. nm mpX. 344 456 496 380 
Molar absorptivity at ,I,, , I Cl4 I. mole - ’ . cm - ’ 2.0 3.8 4.9 1.5 
&,_ of Cd complex, nm 588 530 558 605 
A,,, selected for Cd complex, nm 590 560 600 605 
Molar absorptivity of Cd complex at 

1 Bna,, 1041.mole-‘.cm-’ 3.8 8.6 4.5 5.0 

Synthesis of BrPADAP 

2-Amino-5-bromopyridine was diazotized as described 
above. A solution of 1 .I g of the sodium diazotate in ethanol 
was added to 0.7 g of purified 3-dimethylaminophenol 
dissolved in 20 ml of ethanol, at &5”, in a stream of carbon 
dioxide which was maintained for 2 hr. The solution became 
reddish orange and a residue formed. The liquid was 
decanted and allowed to evaporate to dryness in air; the 
solid was recrystallized from ethanol-water (1: 1) to yield 
dark red needles of BrPADAP, which were dried at 50”. 

Synthesis of BTADAP 

Concentrated sulphuric acid (14 ml) was added to 1.5 g 
of 2-aminobenzothiazole and 24 ml of water in ice. Nitrosyl- 
sulphuric acid, prepared by adding 0.72 g of sodium nitrite 
to 5 ml ofconcentrated sulphuric acid at IO-90”. was cooled 
to below 5°C and added to the amine/sulphuric acid mix- 
ture. The diazotization mixture was kept at O-5” for 2 hr, 
then added to a solution of 1.4 g of 3-dimethylaminophenol 
and 27.8 g of sodium hydroxide in 600 ml of water, 
containing 50 g of crushed ice. The reaction mixture was 
adjusted to pH 6 with ammonia solution and sulphuric acid 
and allowed to stand overnight. The solid which formed was 
recrystallized from chloroform to yield violet needles of 
BTADAP. 

Synthesis of BTDMP 

2-Aminobenzothiazole was diazotized and coupled as 
already described but with 1.25 g of 3,4-dimethylaminophe- 
no1 in 50 ml of concentrated ammonia solution. The mixture 
was adjusted to pH 8 with ammonia and sulphuric acid and 
allowed to stand in a refrigerator overnight. The brown 
precipitate which formed was separated and recrystallized 
from aqueous ethanol (1: 1). 

Other reagents 

Potassium sodium tartrate solution, 0.02M. 
Sodium hydroxide solution, 4M. 
BTADAP solution (2 x IO-‘M in xylene). BTADAP 

(15 mg) was dissolved in 250 ml of water-saturated o-xylene 
with the aid of an ultrasonic bath. 

Standard cadmium solutions. A stock solution (1000 ppm) 
was prepared by dissolving hydrated cadmium sulphate in 
water, with dropwise addition of 2M sulphuric acid until 
the solution became clear, and standardized by EDTA 
titration9 Dilute solutions (1 and 10 ppm) were freshly 
prepared each day from a 100 ppm solution prepared each 
week from the stock solution. 

Determination of cadmium with BTADAP 

To 10 ml or less of aqueous sample containing not more 
than 16 pg of cadmium, 5 ml of 0.02M potassium sodium 
tartrate and 5 ml of 4M sodium hydroxide were added. 
The mixture was diluted with water to 20 ml and 8 ml of 
BTADAP solution were added. The phases were equili- 
brated by end-over-end mixing for 5 min and allowed to 

separate. The xylene layer was removed and centrifuged 
(3000 rpm for 1 min) and its absorbance was measured at 
600 nm against BTADAP solution as reference in a l-cm cell 
for >4 pg of Cd or a 4-cm cell for c4 fig. Calibration was 
done by applying the procedure to standards covering the 
ranges t&4 and O-16 pg of cadmium. 

Determination of cadmium in environmental samples 

In aqueous solutions containing sufficient chloride, cad- 
mium exists as the anionic complex CdClj- which can be 
separated and concentrated with a liquid anion-exchanger. 
For convenience a chloride concentration approximating 
that in sea-water (-0.5M) was selected for use. Cadmium 
solutions (l-2 ppb or pg/l.) in 0.5M sodium chloride were 
prepared, and lOOO-ml portions of these were extracted 
with two 5-ml portions of O.IM Aliquat 336 in carbon 
tetrachloride, as described elsewhere.‘O The cadmium was 
stripped from the combined extracts with 5 ml of 0.4M 
perchloric acid, and determined with BTADAP as described 
above. Cadmium was also determined in some natural water 
samples adjusted to a 0.5M concentration of sodium chlor- 
ide. The samples were also analysed, after pm-concentration, 
by flame atomic-absorption spectrometry (AAS). 

Plant materials (14 g) were first mineralized with nitric 
and hydrochloric acids, according to the procedure of 
Mullin and Riley,” modified by omission of the perchloric 
acid. The resulting solution was adjusted to 50 ml volume 
and 1M hydrochloric acid concentration and the cadmium 
was extracted, stripped and determined with BTADAP as 
just described, and also by AAS. 

Hair samples were washed with acetone, methanol and 
water, and dried at 60”. Portions (1.52.0 g) of the dried 
samples were analysed for cadmium similarly to plant 
materials. 

Wavelength /run 

Fig. 1. Spectra of 2 x 10msM solutions of the dyes in 
o-xylene (1 cm cells): (a) BrPADAP; (b) BrPDMP; (c) 

BTDMP; (d) BTADAP. 
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Fig. 2. Spectra of 2 x 10e4M solutions of the dyes in o-xylene after equilibration with aqueous solutions: 
(a) BrPADAP, pH 11; (b) SBrPDMP, pH 12.3; (c) BTDMP, IM NaOH; (d) BTADAP, IM NaOH; 
(1) 10 ml of aqueous solution containing Cd (5 pg), KNa tartrate (O&M) and NaOH, equilibrated with 
5 ml of o-xylene solution, absorbance measured against reagent blank; (2) reagent blank, as for (1) without 

Cd, absorbance measured against o-xylene. 

RESULTS AND DISCUSSION 

Characterization of the dyes and complexes 

The synthesis yields, colours and sublimation 
points of the dyes are shown in Table 1. The elemen- 
tal analyses were in reasonable agreement with the 
theoretical values, except for BTDMP where differ- 
ences in the carbon (- 1.4%) and sulphur (+0.9%) 
contents indicated that the product was somewhat 
impure. 

The absorption spectra of the dyes and their cad- 
mium complexes are shown in Figs. 1 and 2. The 
wavelengths for analytical use were chosen so that the 
net absorbance for the complex was maximal. The 
complexes obeyed Beer’s law up to at least 1 ppm 
cadmium in the organic phase. All the complexes 
contained cadmium and dye in 1: 2 ratio, as shown by 
the molar-ratio and continuous variation methods. 

The molar absorptivities of the four complexes 
show that the BrPADAP complex is most sensitive. 
This is in agreement with the results of Shibata et al.,’ 
though their value for the molar absorptivity of the 

Cd-BrPADAP complex in amyl alcohol solution 
(1.4 x 10’ 1. mole-’ . cm”’ at 555 nm) is considerably 
higher than ours for the a-xylene solution at 560 nm. 
Our value for the molar absorptivity of the Cd- 
BTDMP complex in xylene agrees with that reported 
by Dragusin and A~eanu6 (5.2 x 104 1. mole-’ .cm- r 
at 600 nm). 

BrPDMP gives the lowest sensitivity and also the 
lowest yield and was not considered further. 
BTADAP gives a sensitivity for cadmium similar to 
that of BTDMP, and a much higher yield than that 
of BrPADAP. 

Extraction conditions 

Reproducible absorbances were obtained when 
extractions were done in long narrow tubes by gentle 
inversion. Vigorous shaking in separatory funnels led 
to less reproducible absorbances. The BTADAP 
complex obeyed Beer’s law up to 16 c(g of cadmium, 
and the absorbance for a fixed amount of the metal 
was constant for extraction from 0.8-1.21111 sodium 
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Table 2. Permissible concentrations of foreign species in a sample solution 
(0.5 ppm Cd, 10 ml) for determination by the recommended procedure 

Concentration Species 

0.005 
0.05 $ 

0.5 ctlz+ 
1 Ca2+ 
3 EDTA 

50 CN- 
80 Ba2+* 

100 AP+,* Bi3+,t Fe’+, Fe’+,? Mn2+, NH:,? Pb’+,t Zn2+ 
200 Hg2+ 

IO000 so:-t 
12700 T-t 
13500 Na+t 
15000 citrate? 
17800 Cl-t 
36600 NO; t 
50000 CIO; t 

*Negative errors: precipitates formed in aqueous phase, which adsorb BTADAP. 
tNot examined above this concentration. 

hydroxide medium. A sodium hydroxide concentra- 
tion of IM was therefore taken as optimal. 

Precision 

The mean absorbance for five blank determi- 
nations was 0.077 with a relative standard deviation 
(rsd) of 5%. The mean gross absorbance for six 
determinations of 5 pg of cadmium had an rsd of 
3.3%. The limit of detection, taken as the amount 
of cadmium equivalent to three times the standard 
deviation of the blank, was 0. I5 pg. 

Interferences 

Permissible concentrations of interfering species 
are listed in Table 2. The criterion of interference was 
an error of more than three standard deviations. The 
most serious positive interferents are Co2+, Ni2+ and 
Cu2+, which compete with cadmium for the reagent. 
Calcium interferes in a similar manner. Some nega- 

tive interference was caused by EDTA, cyanide and 
ammonia, which compete with the reagent for cad- 
mium. The reaction is relatively free from interference 
by zinc. 

Cadmium in environmental samples 

The results in Tables 3 and 4 are sufficiently 
accurate and the recoveries of cadmium quantitative 
at the levels examined, and in reasonable agreement 
with those obtained by AAS. The results for the hair 
samples are consistent with the findings of Schroeder 
and Nason” that the mean concentration of cadmium 
in brown hair is greater than that in black hair. 

Dissociation and stability constants 

BTADAP was shown to undergo a single acid 
dissociation with a pK value of 9.5, similar to the pK 
values reported for BTDMP (8.6),13 and BTADMP 
(9.1).’ The conditional stability constant of the 

Table 3. Spectrophotometric determination of cadmium in synthetic and natural waters by 
preconcentration with Aliquat/carbon tetrachloride and extraction with BTADAP/xylene 
(sample volume 1000 ml; n.d. = not detectable; in parentheses are values obtained by AAS) 

Cd added, Cd found, Cd in sample, Recovery of 
Sample c(g pg nglml added Cd, % 

Distilled 1.00 1.12 1.10 110 
1.08 

2.00 2.12 2.16 108 
2.19 

Atlantic sea-water 0.00 n.d. n.d. (n.d.) 
n.d. 

1.00 1.04 1.02 (1.15) 102(115) 
1.00 

River Mersey 0.00 0.39 0.49 (0.40) 
0.59 

1.00 1.34 1.42(1.35) 93 (95) 
1.50 

Liverpool tap water 0.00 n.d. n.d. (0.15) 
n-d. 

1.00 0.96 0.97 (I .25) 97(110) 
n 97 
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Table 4. S~trophotomet~c dete~nation of cadmium in biolo~ materials after digestion with 
nitric/hydrochloric acids and separation by means of Aliquatlcarbon tetrachloride extraction (recovery 
is based on the mean of the duplicate results obtained without the addition of standard Cd &&ion) 

BTADAP AAS 

Sample 

Cd found, Cd found 
Weight Cd added, Recovery, 
taken, g 

Recovery, 
I.lg l.lg I&g/g % fig !qfsh % 

Kale 

Radish flesh 

3.41 0.00 
3.82 0.00 
3.51 1.00 
3.47 
1.20 ;: 
1.21 0:OO 
1.19 1.00 

Parsnin neel . * 

Lettuce 

Black hair 

Brown hair 

1.04 
1.68 
1.46 
1.52 
1.51 
3.02 
3.03 
3.00 
3.02 

1.76 1.81 
1.87 
1.79 
1.72 
1.72 0.00 
1.73 1.00 
1.73 1.00 

1.15 0.34 
1.50 0.39 
2.22 0.63 
2.32 0.67 
2.14 1.78 
1.97 1.63 
3.18 2.67 
2.95 2.84 
1.19 0.71 
1.00 0.69 
2.10 1.38 
2.20 1.46 
3.24 1.07 
3.34 1.10 
4.32 1.44 
4.38 1.45 
n.d. 
n.d. 
0.88 0.47 
0.87 0.49 
0.78 0.45 
0.79 0.46 
1.90 1.10 

93 
106 

115 
118 

103 
115 

to7 
110 

88 
aa 

112 
115 

2: 
2.30 
2.50 
1.75 
1.95 
2.85 
2.75 
1.20 
1.30 
2.00 
2.20 

n.d. 
n.d. 
0.90 

;: 
0:ao 

t :Z 

0.41 
0.52 
0.66 
0.72 
1.46 
1.61 
2.40 103 
2.64 115 
0.71 
0.89 
1.32 79 
1.46 100 

0.48 
0.56 
0.52 
0.47 
1.10 
1.10 

90 
100 

105 
105 1.93 1.12 

Cd-BTADAP complex was found to be 1.2 x IO”. 
That for the BTADMP complex is reported to be 
2.0 x 10’8. 
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SELECTIVE DETERMINATION OF THIAMINE VITAMIN 
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Summary-A simple and selective argentometric titration method is described for dete~ination of 
thiamine (vitamin B,), based on direct potentiometric titration in alkaline media (>OSM) in which a 
chemical transformation takes place, creating two acidic groups, the protons of which are replaceable by 
silver ions. The acidimetric and argentometric potentiometric titration curves display two consecutive 
potential breaks specific for thiamine. The second break is reproducible and corresponds to a 2: 1 reaction 
ratio of silver to thiamine. No interference is caused by other vitamins, active ingredients and inactive 
excipients normally present in multivitamin preparations. The results obtained for determination of 
thiamine in pure powders, pha~a~uti~l tablets and ampoules showed an average recovery of 98.2% 
of the nominal values and a mean standard deviation of OS%, and agreed fairly well with data obtained 
by the British Pharmacopoeia procedure. 

Although many titrimetric methods are available 
for determination of thiamine (vitamin B,) in pure 
powders, most of these are not applicable to pharma- 
ceutical preparations. Direct titration with perchloric 
acid in non-aqueous media,‘.’ indirect complexo- 
metric titrations based on reactions with potassium 
tetraiodobismuthate, potassium tri-iodocadmate 
and tetra-isothiocyanatodiamminochromate,3q4 and 
amperometric titrations with bismuth in the presence 
of iodide,* metatungstic acid6 and ferricyanide’ have 
been suggested for determination of thiamine. All 
these methods, however, suffer from serious inter- 
ferences by basic compounds. Visual argentometric’ 
and mercurimetricg titrations, with fluorescein and 
diphenylcarbazone as indicators, respectively, have 
been used for determination of the halide salts of 
thiamine. Halide salts of other vitamins, bases and 
minerals interfere. 

The slow heterolytic cleavage of the thiamine 
thiazole ring to produce a thiol, which induces the 
azide4odine reaction, has been utilized for iodo- 
metric determination of thiamine.‘~‘* Thi~ine 
sulphur is quantitatively precipitated as lead sulphide 
by heating with solid potassium hydroxide followed 
by addition of an alkali-metal plumbite. The reaction 
has been advocated for determination of thiamine 
through EDTA titration of the unreacted lead, with 
end-point detection by means of a lead ion-selective 
electrode.i3 Reductive decomposition of thiamine 
sulphur with Raney nickel in alkaline solution 

*To whom correspondence should be addressed; present 
permanent address: Department of Chemistry, Faculty 
of Science, Ain Shams University, Cairo, Egypt. 

to yield sodium sulphide, followed by iodometric 
titration of the sulphide, has been descr&d.i4 
However, many sulphur-~ntaining compounds 
similarly induce the azide-iodine reaction.ts and are 

decomposed by alkali-metal plumbite or Raney 
nickel. 14*16 

Bromometric determination of thiamine by reac- 
tion with bromate-bromide mixture in acidic media,” 
or hypobromite in alkaline solutions,‘* followed by 
iodometric measurements of the unconsumed 
bromine, has been reported. Precipitation of thiamine 
with iodobismuthate, isolation of the precipitate, 
followed by its dissolution, and titration with 
N-bromosuccinimidetg or bromate2’ has also been 
suggested. Many phenolic, basic, reducing and 
unsaturated organic compounds respond to these 
reactions. Apart from the fact that most of the 
reported titrimetric methods are not selective, many 
of them involve indirect reactions, a time-consuming 
separation step and the use of unstable reagents. 

In the present study, we describe a simple potentio- 
metric method for selective argentomet~c deter- 
mination of thiamine in pure powders and 
pharmaceutical preparations, with a solid-state 
silver-silver sulphide ion-selective electrode for end- 
point detection. The method is based on direct 
argentometric titration of thiamine at ambient 
~rnpe~tu~ in alkali, whereby potentiometric ti- 
tration curves with two consecutive potentia1 breaks 
specific for thiamine are obtained. Other vitamins 
and pharmaceutical excipients do not interfere. Or- 
ganic sulphides, bases and phenols, as well as chlo- 
ride, phosphate and sulphate are not titrated under 
these conditions. 

IO11 



1012 SAADS. M. HASSAN and E~ANEL~~MA 

EXPERIMENTAL 

Apparatus 

Potentiometric titrations were performed at ambient tem- 
oerature with an Orion Model 701A digital nH/mV meter. 
kn Orion silver-silver sulphide membrane e&&ode (model 
94-1614) was used as indicator electrode in conjunction with 
an Orion 90-02 silver-silver chloride double-junction refer- 
ence electrode containing 10% potassium nitrate solution in 
the outer compartment. The pH titrations were performed 
with an Orion 91-02 combination glass electrode. 

Reagents 

All reagents used were of analytical grade and 
doubly d&t&d demineraiized water was used throughout. 
Freshly prepared O.OIM silver nitrate was standardized by 
potentiometric titration with standard sodium chloride 
solution, and stored in a brown bottle. Aqueous 10% 
silicotungstic acid and 1M sodium hydroxide solutions were 
freshly prepared. Thiamine hydrochloride (vitamin B,, 
BDH) was of purity not less than 98%, as confirmed by 
~tentiornet~c titration of the chloride content and by the 
British Pharmacopoeia gravimetric procedure?’ Pharma- 
ceutical preparations containing vitamin B, were obtained 
from local hrug stores. The pure vitamin powders and 
pulverized tablets were dried at 60” for 2 hr at a reduced 
pressure of 40 mmHg. 

Procedure 

Sample preparation. One gram of the pulverized dried 
thiamine hydrochloride powder was dissolved in the least 
necessary amount of water, transferred to a lOO-ml standard 
flask and made up to the mark with water. Ten tablets were 
ground and the powder was mixed, dried, and dissolved in 
the minimum of water, then the solution was filtered into a 
IOO-ml standard flask and made up to the mark with water. 
The contents of 10 vials were transferred to a lOQ-ml 
standard flask and made up to the mark with water. 

Potentiometric titration. Aliquots of thiamine hydrochlo- 
ride sample solution (0.50-5.0 ml) were transferred to a 
IOO-ml beaker and diluted to _ 10 ml with water. Ten ml of 
lM sodium hydroxide were added and the solution was 
stirred for 2 min. The silver-silver sulphide ion-selective 
electrode and the double-junction silver-silver chloride 
reference electrode were in&due& into the solution and 
standard O.OIM silver nitrate was slowfv added from a 
dark-glass burette with its tip immersed in ihe solution. The 
electrode potential was monitored as a function of the 
titrant volume added. Titration end-points were calculated 
from first or second derivative titration curves (1 ml of 
O.OlM silver nitrate ~1.535 mg of thiamine hydrochloride). 

RESULTS AND DISCUSSION 

Titration conditions 

Thiamine (aneurine) hydrochloride (vitamin B,) is 
the hydrochloride of a thiazolium chloride derivative. 
Potentiometric titration of O.OlM thiamine hydro- 
chloride with O.OlM silver nitrate, monitored with the 
Ag-Ag,S membrane electrode, gives curves with one 
sharp potential break (of -240 mV) corresponding 
to consumption of 2.0 + 0.02 mole of silver nitrate 
per mole of thiamine, due to reaction with the 
two d&sociable chloride ions. Similar results are 
obtained by the same titration in 10-4-10-2M sodium 
hydroxide medium. Although this reaction is repro- 
ducible, stoichiometric and sensitive enough for 
determination of milligram quantities of thiamine 
hydrochloride, it is neither applicable for direct 

260 ,- 

-340 1 CT 
I I 1 I I I I 

4 8 12 16 20 24 26 32 

16* M AgNo3 (rnt) 

Fig. 1. Typical potentiometric curves for titration of: (0) 15 
ml; (0) 12 ml; (A) 8 ml; (A) 5 ml of lo-*M thiamine 
hydr~hlo~de solution in 0.5&f NaOH with lo-‘M AgNO, , 

(Ag-A&S membrane electrode). 

monitoring of thiamine, nor selective for deter- 
mination of thiamine hydrochloride in the presence of 
the hydro~hIo~des of other vitamins. 

Titration of thiamine hydrochloride with silver 
nitrate in strongly alkaline media (&O.SM sodium 
hydroxide) gives potentiometric curves with two 
sharp consecutive potential breaks (Fig. 1). The first 
and second breaks (of -300 and 120 mV) coincide 
with the consumption of 0.8 f 0.02 and 1.96 k 0.02 
mole of silver nitrate per mole of thiamine hydro- 
chloride, respectively. Addition of sodium chloride to 
the thiamine hydrochloride solution before titration 
does not influence either the nature or the shape of 
the titration curves, revealing that the curve is not due 
to the reaction of either of the two dissociable 
chloride ions in the thiamine hydrochlo~de molecule. 
This was further substantiated by potentiometric 
argentometric titration of sodium chloride in the 
presence of various concentrations of sodium hydrox- 
ide. Figure 2 shows that the potential break at the 
equivalence point decreases with increase in the alkali 
con~n~ation in the ti~ation medium and that no 
reaction is detected between chloride and silver at 
sodium hydroxide concentrations 2 OSM. 

The effect of time and temperature on the reaction 
of thiamine hydrochloride with OSM sodium hydrox- 
ide before the argentometric titration was investi- 
gated. Contact for up to 2 hr at ambient temperature 
or 10 min at 60” did not affect the accuracy of the 
titration. Potentiometric titrations in 50% aqueous 
dioxan, ethanol, dimethylsulphoxide and acetone 
media display almost identical titration curves, with 
a second potential break of 40-80 mV, whereas a 
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160 

t 

16’M AgNO, (ml) 

Fig. 2. Typical potentiometric curves for titration of 10.0 ml 
of lo-*M NaCl in (0) OSM; (0) 0.05M; (A) 5 x 10m3M 
!&& 10-T and 5 x 10m5M NaOH; (0) pure aqueous 

, with 10-2M AgNO, (Ag-Ag,S membrane 
electrode). 

break of 120 mV is obtained in aqueous solutions. No 
break at all was detected for titrations in 50% 
dimethylformamide medium. 

The behaviour of thiamine hydrochloride in 
aqueous alkaline media was also investigated by 
direct pH titration with sodium hydroxide. Titration 
of O.OlM thiamine hydrochloride with O.OlM sodium 
hydroxide gave curves with only one break, equiva- 
lent to the consumption of 1 mole of alkali per mole 
of thiamine hydrochloride, as expected for neutral- 
ization of the hydrochloride. Titration of thiamine 
hydrochloride (2-6mM) with 1 .OM sodium hydrox- 
ide, however, gave curves with three sharp consecu- 
tive breaks at consumptions of 0.84, 1.98 and 
2.96 f 0.02 mole of alkali per mole of thiamine 
hydrochloride (Fig. 3). Ten replicate titrations agreed 
with each other within 0.5%. This acidimetric ti- 
tration can be used for selective determination of 
thiamine, but only on the macro-scale. Addition of 
various amounts of hydrochloric acid to thiamine 
hydrochloride before its titration with sodium hy- 
droxide affects the third break in proportion to the 
concentration of added acid, indicating that the third 
break is due to neutralization of the hydrochloride 
moiety of the thiamine hydrochloride. The first and 
second breaks obtained in the acidimetric and 
argentometric titrations are consistent and in good 
agreement with each other. 

It seems that thiamine hydrochloride in strongly 
alkaline media undergoes chemical transformation, 
creating two extra acidic groups, the protons of which 
are renlaceable by silver, and detectable in both 

acidimetric and argentometric titrations. It has been 
reported that upon addition of a strong base to 
vitamin B,, simultaneous loss of two protons takes 
place through two distinct dissociation steps. The 
reaction apparently arises through intramolecular 
addition of the amino group of thiamine to the 
thiazolium ring with loss of one proton, accompanied 
by opening of the thiazole ring and loss of a second 
proton.** 

Birch and Harris” showed that transformation of 
thiamine in strongly basic media proceeds through a 
distinctive pseudo-acid structure which is trans- 
formed into a labile acid group under the influence of 
the alkali; the first equilibrium is slowly attained. 
These reactions proceed most rapidly at about pH 11, 
so it seems very probable that during a titration with 
dilute sodium hydroxide (e.g., O.OlM) the local pH at 
the point of entry of titrant will not rise to this level 
whereas in a titration with 1 .OM sodium hydroxide it 
could readily do so. It is presumably because of the 
variations in the kinetics of the transformations 
between the various forms of thiamine, that appar- 
ently only 80-85% reaction has taken place when the 
first inflection point on the acidimetric and argento- 
metric titration curves is reached. There is in effect an 
overlap between the equilibria involved in the two 
transformations so that 15-20% of what should be 
the first reaction is in fact included in the second. 

Determination of vitamin B, 

Analysis of the pure pharmaceutical grade of thi- 
amine hydrochloride powder, in the range 1.0-45 mg, 
5 replicates of each level, by direct argentometric 

12 - 

10 - 

6- 

PH 

6- 

4- 

21 I I I I 1 1 I 
4 0 ‘12 16 20 24 

1.0 M NaOH (ml) 

Fig. 3. Typical pH curve for titration of 5.0 ml of I.OM 
thiamine hydrochloride with 1 .OM NaOH (combination 

glass electrode). 
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Table 1. Determination of thiamine hydrochloride; poten- 
tiometrically by argentometric titration in 0.W NaOH, 
with the silver-silver sulphide ion-selective electrode and 

gravimetrically by the British Pharmacopoeia method 

Recovery,* % 
Vitamin B, 
added, mg Potentiometric Gravimetri? 

1.0 98.0 f 0.5 - 

2.5 98.7 f 0.3 - 

5.0 97.9 + 0.2 - 
1.5 98.2 f 0.3 - 

10.0 98.5 & 0.4 - 

15.0 98.0 f 0.3 96.1 f 1.4 
20.0 97.9 + 0.3 91.4 f I .2 
25.0 98.7 + 0.2 98.3 f 0.9 
30.0 98.2 f 0.3 98.3 f 0.7 
45.0 98.2 + 0.4 98.1 & 0.8 

*Average + standard deviation of 5 measurements. 

titration in OSM sodium hydroxide medium, with the 

Ag-Ag,S electrode for end-point detection, gave 
results corresponding to an average purity of 98.2% 
and a mean standard deviation of 0.3% (Table 1). 
No interferences were caused by the presence of up 
to lOO-fold ratio of any of the other B-complex 
components such as riboflavine (vitamin B,), pyri- 
doxine (vitamin B,), cyanocobalamine (vitamin B,,), 
nicotinamide, nicotinic acid, calcium pantothenate, 
biotin and folic acid, or of chloride, sulphate and 
phosphate. Basic compounds (e.g., aminobenzoic 
acid, brucine), phenols (e.g., salicylic acid, p- 
aminophenol) and organic sulphides (e.g., dibutyl 
sulphide, biotin) are not titrated under these 
conditions. 

Table 2 presents results obtained for determination 
of thiamine hydrochloride in some pharmaceutical 
preparations. The average recovery was 98.2% of the 
nominal values and the standard deviation 0.5%. 

Assay for vitamin B, in some multivitamin prepara- 
tions before and after addition of 10 mg of pure 
thiamine hydrochloride gave recoveries within 
*0.6% of the expected values. Data obtained by 
the standard British Pharmacopoeia gravimetric pro- 
cedure (precipitation of vitamin B, as silicotungstate) 
for the pure vitamin powder and some pharma- 
ceutical preparations containing no vitamins other 
than vitamin B,, are given in Tables 1 and 2 for 
comparison. The F-test reveals no significant differ- 
ence between the means and variances of the two sets 
of results. 

A serious disadvantage of the British Pharma- 
copoeia method is that silicotungstic acid gives 
sparingly soluble precipitates with organic bases 
generally used in multivitamin preparations. For this 
reason, the procedure is recommended for pharma- 
ceutical preparations containing no other vitamins, 
otherwise prior separation of vitamin B, is necessary. 
The British Pharmacopoeia procedure requires a 
minimum of about 25 mg of the vitamin for each 
assay. The proposed potentiometric titration method, 
however, offers a simple, rapid, precise and selective 
monitoring technique for direct determination of 
milligram quantities (down to 1 mg) of vitamin B, 
in the presence of other vitamins, active ingredients 
and inactive excipients normally present in pharma- 
ceutical preparations. 
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Recovery,* % 

Sample Source Nominal active ingredients Potentiometric Gravimetrk? 

Neurorubina- 
Forte 

Btnerva 

Retabolin- 
Forte 

Betaxin 
Reta-Mex 

Benerva Roche (England) 
Neurobion Merck (Athens) 

Ecavit B, 
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B, 100 mg/ampoule 
B, 100 mg, B, 100 mg, B,, 

98.0 f 0.5 

98.0 f 0.3 

98.0 f 0.6 

98.3 f 0.4 
97.8 f 0.6 

99.0 f 0.3 
98.5 f 0.5 

97.8 f 0.5 
97.9 f 0.4 

- 

91.8 f 0.8 

98.0 f 0.9 
- 

99.3 f 0.7 
- 

98.5 f 0.8 
- 

1 mg/ampoule 
Bivamin Misr (Egypt) B, 100 mg/ampoule 98.3 f 0.4 

*Average and standard deviation of 5 measurements, calculated on basis of nominal content. 

98.9 f 0.6 
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~~~ptirnj~tion of the separation of ionogenic nucleosides in reversed-phase ~~-~fo~an~ 
liquid chromatography can be based on the solvophobic theory of retention. The dependence of the 
capacity factors, selectivity, plate number and resolution on the pH may be calculated by knowing pK, 
and measuring the capacity factors for the compounds in the ionized and molecular forms. An increase 
in the eluent ionic strength (I) results in increased selectivity. 

Many organic compounds, including the majority of 
natural substances, contain ionogenic functional 
groups. The choice of eluent acidity and ionic 
strength is very important in ~hromato~aphic sepa- 
ration of such compounds. 

It has been shown that the physicochemical pro- 
cesses involved in the chromatography of ionogenic 
substances on non-polar stationary phases may be 
successfully interpreted.’ Generally, however, the 
conditions for separating complex mixtures of 
nucleosides and other ionogenic substances are 
chosen without use of the theory of chromatographic 
retention, and is usually based on ~ivariant exami- 
nation of the dependence of the capacity factors (k’) 
on the pH and ionic strength (I) of the eluent. 
Haddad et al? have given a useful approach for 
calculating the optimal conditions for separating 
mixtures of ionizing compounds, but assumed that 
Ink’ is linearly related to the pH, which contradicts 
the available experimental and theoretical results.‘.3 

The aim of the present paper is to apply some 
equations from the theory of retention’*4 in a 
simple approach to choosing optimal ranges of the 
pH and ionic strength of a mobile phase for separa- 
tion of pyrimidine compounds, that will require 
minimum chromatographic ex~rimentation for the 
optimization. 

Reagents 
6AzUrd and 6AzCyd were obtained from the Institute of 

Molecular Bioloav and Genetics of the Ukrainian SSR 
Academy of Scie%es. The other nucleosides were obtained 
from Serva (Heidelberg, F.R.G.) and used without further 
purification. Analytical-reagent grade chemicals and doubly 
distilled water were used for preparation of the eluents. 

An HG-1305 liquid chromatograph (Nauchpribor Assoc., 
Orel. U.S.S.R.) eauinned with a va~able-wavelen~h detec- 
tor set at 265’nm, and a Waters liquid chromaiographic 
system (Waters Assoc., Milford, MA, U.S.A.) consisting of 
a model U6K universal injector, model 6000A pumping 

system, model 481 variable wavelength detector set at 
265 nm and model 730 data module. 

The sample components were separated at room 
temperature on lo-pm Silasorb C,, (Lachema, Bmo, 
Czechoslovakia) in a glass column (15.0 x 0.1 cm), with the 
HG-1305 chromatograph, and on a column of lo-pm 
Bondapak C,, (30 x 0.4 cm) with the Waters chro- 
mato~aph. The mobile phase was a 0.05&i phosphate 
buffer in O.l-2.5M ammonium sulphate, used at a flow-rate 
of 0.03 ml/min (HG-1305 chromatograph) and 0.5 ml/min 
(Waters chromatograph). 

THEORETICAL BASIS 

It is assumed that the retention is governed by 
reversible interaction between the dissociated and 
undissociated forms of the solute and the hydrocar- 
bon derivative in the stationary phase and that there 
is no hydrogen-bond or ion-exchange interaction of 
a retained substance with the sorbent. These condi- 
tions hold for most cases when modern sorbents with 
a high degree of hydrophobic loading are used. 
Anomalous dependences of the capacity factor on the 
organic component concentration in the mobile 
phase are observed only in chromatography of highly 
polar substances with eluents having a low water 
content.$ It was shown’ that the capacity factor of a 
weak monobasic acid is defined by the relation 

where k; and kj are the capacity factors of the 
undissociated and dissociated forms, respectively, 
and K, is the dissociation constant. Equation (1) may 
be used to obtain the selectivity value for the separa- 
tion of two weak acids (a = k;/k;): 

(*I 

Equation (2) shows that a = kh,)k& when 

[H’]%&, and a =kj,l/k;.2 when [H+] @lu;,. From 
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(1) and (2) and the values of k&, kj and K,, it is easy 
to calculate k’ =f(pH) and a =f(pH). To find the 
optimal separation conditions, it is then only neces- 
sary to measure the value of k; for weak acids and 
of kj for bases in an acid eluent at constant ionic 
strength. Similarly, the values of kj for acids and of 
kh for bases are determined in a weakly alkaline or 
neutral eluent. When ionization is incomplete, kl is 
calculated from 

For weak bases the term K,/[H+] in (l)-(3) is 
replaced by [H+]/K,, where K, is the dissociation 
constant of the conjugate acid of the base. Next, 
k’ =f(pH), and also a =f(pH), N, =f(pH), can be 
calculated for neighbouring peaks for all mixture 
components, with (1) or (2) and (4), and hence the 
range of pH within which the desired separation 
occurs. To optimize the pH it is thus necessary to 
make 2n measurements of k’, where n is the number 
of components of the mixture. 

According to the fundamental chromatography 
equation, we have 

When a column is insufficiently effective (low value of 
the number of theoretical plates, N,) the required 
resolution R, may be attained by increasing a or k;. 
It is known that for uncharged substances In k’ 
increases linearly with increasing eluent ionic strength 
[I]:’ 

lnk’=a +bl (6) 

where a and b are constants that involve a number of 
parameters characterizing the eluent, the sorbent and 
the substance chromatographed.’ For a charged spe- 
cies In k’ increases almost linearly for I > 0.3.’ 

Hence the selectivity for separation of charged and 
uncharged particles can be obtained and has a form 
similar to (5): 

lna =const+(b,-b,)l (6) 

Thus, for b, > bZ, the k’ and a values for charged 
forms increase with increasing eluent ionic strength at 
I > 0.3 and this results in higher resolution, R,. By 
finding the values of k’ (and a) at two ionic strengths 
and using (5) and (6), it is easy to calculate the value 
of I which will give the desired resolution. 

RESULTS AND DISCUSSION 

To illustrate the efficiency of the approach pro- 
posed, we used a mixture of six nucleosides (all 
nucleosides contain both acid and base functions). 
The pK, values are given in Table 1. The pK,, values 
for 6AzCyd, 6AzUrd and AraC were determined 
spectrophotometrically. 

Table 1. pK, values of the nucleosides used 

Nucleoside pK, Reference 

Cytidine 4.2 8 
6-Azacytidine (6AzCyd) 1.3 
Uridine 9.2 8 
6Azauridine (6AzUrd) 6.1 
Cytosine arabinoside (Ara-C) 4.4 
Thymidine 9.9 8 

The pK, ratio of the acid and base functions of 
the compounds is such that over a wide pH range 
these ampholytes can reasonably be regarded as 
essentially acids (Urd, Thd, 6AzUrd) or as bases, 
(Cyd, 6-AzCyd, AraC). 

According to the method described above, we 
measured the retention times at pH 1 S, with O.lM 
ammonium sulphate as background electrolyte, and 
calculated k: for Cyd and AraC, and k; for Urd, Thd 
and 6AzUrd. The values of k j for 6AzCyd, which was 
incompletely protonated under the conditions used, 
were derived by use of equation (3). Next, we ob- 
tained the values at pH 8 of k; for Cyd, 6Azcyd, 
AraC and of kl for 6AzUrd. The kj value for Urd was 
calculated by using equation (3). With equation (1) 
and the values of k( and k; we calculated k’ =f(pH) 
for all the compounds. As shown by Fig. 1, the 
optimum pH lies within a very narrow range 
(4.9-5.9). Figure 2 shows a and N, as functions of pH, 
for neighbouring peaks. Application of equation (4) 
with the values obtained shows that the required 

3.4 - 

3.2 - 

26 - 

2.4. - 

2.0 - 

k’ 

1.6 - 

1.2 - 

0.a - 

0.4 - 

I I I I c 
2 4 6 6 10 

PH 

Fig. 1. A plot of capacity factor against pH of mobile phase: 
I-uridine; Z-cytosine arabinoside; 3-cytidine; 4-6-aza- 

uridine; S--6-azacytidine. 
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2.0 

N,xlO-’ 

(b) 

655 

PH 

Fig. 2. (a) Selectivity of separation of nucleosides as a 
function of pH: mobile phase 0.05M phosphate buffer in 
l.OM (NH,),SO,. (b) Number of theoretical plates (TV) 
required for complete separation (R, = 1.5) of nucleosides, 
as a function of pH. Mobile phase: 0.05M phosphate buffer 
in 1 .OM (NH& SO,. I-Uridine and cytosine arabinoside; 
2-6-azauridine and 6-azacytidine; 3-cytosine arabinoside 
and cytidine; 4-cytidine and 6-azacytidine; 5-cytidine and 

6-azauridine; 6-cytosine arabinoside and dazauridine. 

resolution can be obtained at the optimal pH values 
and a given ionic strength only by use of high- 
performance columns with 2000-5000 theoretical 
plates (Fig. 2). It is best to use an eluent with pH 5.3; 
the maximum number of theoretical plates necessary 
for complete separation of the mixture is then some- 
what more than 1000. The chromatogram in Fig. 3 

6 

10 20 30 
t IminI 

Fig. 3. Separation of nucleosides. Stationary phase Etonda- 
pak Cu; Mobile phase 0.05M phosphate buffer in O.lM 
(NH&S04 . l-6-Azacytidine; 2-6~azauridine; 3-cy- 
tidine; 4-cytosine arabinoside; 5-uridine; bthymidine. 

shows that separation is indeed complete under these 
conditions. 

To demonstrate the effect of ionic strength on 
selectivity and resolution, we used a low-performance 
column (N, x 300). According to equation (4), 
k’ = 4-6 and a = 1.7-1.9 are required for the peaks 
to be completely separated (R, = 1.0-1.5). As is seen 
from Fig. 4(a), separation on such a column at a low 
ionic strength is practically absent. By finding the 

(9) 

_ L 
5 

, (b) 
t (min) 

2 

3 Lh 4 

20 40 

t (min) 

Fig. 4. Separation of nucleosides on low-performance 
column. Stationary phase Silasorb C,,; mobile phase (a) 
O.IM (NH&SO,, (b) 2.5M (NH&SO,, I-6-Azacytidine; 

2-6-azauridine; 3-cytidine; kuridine. 



1020 S. V. GALIJSHKO 

1 
-x 
5 

0 

-1 

1.0 

1 
CI 

2 5 0.6 

3 

1 

3 6 9 3 6 9 

I I 

Fig. 5. (a) Plot of capacity factors against ionic strength of mobile phase: I-uridine; 2-cytosine 
arabinoside; 3-cytidine; 4-6-azauridine; 5-6-azacytidine. (b) Plot of selectivity of separation of 
nucleosides against ionic strength of mobile phase: I-uridine and 6-azauridine; 2-cytidine and 
baaacytidine; 3-uridine and cytidine; 4--dazauridine and 6-amcytidine; 5-cytosine and cytidine 

arabinoside; buridine and cytosine arabinoside. 

values of k’ and a for poorly separated components, 2. P. R. Haddad, A. C. J. Drouen, H. A. H. Billiet and L. 

at I = 0.3 and 1.5M (ammonium sulphate as back- 

reach the required values of k’ and a it is necessary 

ground electrolyte), we derived In k’ =f(I) and 
In a =f(l) (Fig. 5). It is seen from Fig. 5 that to 

De Galen, J. Chromatog., 1983, 289, 71. 
3. K. Miyake, K. Okumura and H. Terada, Chem. Pharm. 

Bull., 1985, 33, 769. 

matog., 1978, 125, 129. 
4. C. Horvath. W. Melander and I. Molnar. J. Chro- 

to use an eluent with high ionic strength (>5M). 
Figure 5(b) shows that practically complete separa- 
tion is thus obtained. 
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Summary-A procedure has been developed for the surface immobilization of 8hydroxyquinoIine on a 
gel-type poly(styrenedivinylbenzene) copolymer matrix. The exchange rates are shown to be favourable 
for ion-chromatography, and some rapid separations have been achieved. 

The ion-chromatographic (IC) separation of in- 
organic ions on various types of stationary phases, 
with use of different detection systems, has been 
discussed by Fritz et al.’ Jupille and Gjerde’ have 
reviewed the separation and detection techniques for 
single-column IC and post-column derivatization IC. 
Modem single-column ion-chromato~aphic separa- 
tions of cations and anions are usually performed on 
columns packed with exchange resins of low capacity. 
The preparation and ion-chromatographic appli- 
cations of surface-sulphonated cation-exchangers 
have been described** and Fritz and co-workersG9 
have developed procedures for the reproducible prep 
aration of low-capacity anion-exchangers, and have 
produced evidence that the anion-exchanging groups 
are on the surface of the resin beads. 

Low-capacity resins have the advantage, when 
used with conductance detectors, that eluents of low 
conductance can be used. This avoids the use of a 
second ion-exchange column to suppress the back- 
ground conductivity of the eluent. The single-column 
procedure has good sensitivity and can separate a 
wide variety of ions.’ The disadvantages of the dual- 
column method are that the hydroxide form of the 
suppressor cohmm precipitates most multivalent 
metals, requires frequent regeneration, and adds to 
the complexity of the instrumentation. The use of 
the second column can be avoided by using a low- 
capacity resin in the form of small spherical beads 
(5-10 pm) with good permeability so that high 
flow-rates are possible, and having the reacting 
groups on the outer surface so that the rate of 
reaction is favourable.’ For adsorption and desorp- 
tion, the rate-limiting step is diffusion through the 
functional part of the resin bead. 

Immobilization of suitable chelating functional 
groups on polymeric supports results in chelating 

*Present address: Chemistry Department, University of 
Transkei, Umtata, South Africa. 

*Deceased May 1987. 

resins that are potentially more selective than ordi- 
nary cation-exchange resins. Selectivity can be further 
enhanced by pH control. 

Chelating resins have been used extensively for 
selective concentration of heavy metals from bulk 
solution.rO The preparation of low-capacity resins 
with selective chelating groups attached to neutral 
poly(sty~n~ivinyl~nzene) copolymer matrices 
therefore seems an interesting prospect. Figure 1 
shows the two types of poly(styrene-divinylbenzene) 
copolymer matrices that are most widely used. The 
macroporous beads are the more rigid and do not 
swell when suspended in organic solvents, but are not 
available in sufficiently small size for use in ion- 
chromatography, so only the gel type resin was used 
in this study. 

The chelating properties and selectivity of 8- 
hydroxyquinoline are well known and it has been 
immobilized on several different substrates.” 
Although resins loaded with silica-Lund chelating 
agents exhibit favourable kinetics,” they are unstable 
at high pH. Hauble et aLi2 have prepared and charac- 
terized cellulose filters loaded with covalently bound 
8-hydroxyquinoline. The use of this material for 
rapid separation of transition metal ions has 
not been investigated. Condensation resins of the 
resorcinol-formaldehyde-8-hydroxyquinoline type 
have low stability in solution, and slow exchange 
rates. The immobilization of 8-hydroxyq~noline on 
poly(styrentiivinylbenzene) copolymers has been 
investigated.13-I5 Although these resins are quite 
stable at extremes of pH, their overall exchange rates 
are s10w.r~ Several methods of attaching ligands to 
neutral polymers have been described. One used 
extensively in the past was developed by Parrishi and 
modified by Davies et ~1.” This method involves 
nitration of the polystyrene, diazotization, and 
coupling to the desired ligand. Since the number of 
NO, groups introduced determines the final number 
of chelating groups attached (assuming that the other 
reactions go to completion), the nitration reaction 
merits investigation. It is generally accepted that the 

1021 
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(4 lb) 

1. Schematic representation of cross-linked (a) microporous resins (gels), average pore size 6-30 A 
and (b) macroporous resins, average pore size 5&350 A. 

Fig. 

attacking species in the nitration of aromatic com- 
pounds” by nitric acid-sulphuric acid mixtures is the 
nitronium ion, and Raman spectroscopy and ESCA 
(electron spectroscopy for chemical analysis) indicate 
that the nitronium ion is the species responsible for 
the nitration of cellulose’g with such acid mixtures. 
It is reasonable to assume, therefore, that NO: 
is the species that nitrates styrene-divinylbenzene 
copolymers. 

Gel-type resins swell in the presence of organic 
solvents, and Davies et ~1.” have described pre- 
swelling of the polymer in chloroform. As, however, 
the open structure resulting from pre-swelling is likely 
to lead to nitration of the inner as well as the outer 
surfaces and a higher exchange capacity than desired, 
no pre-swelling was used in this investigation. 

During the course of this work, Faltynski and 
Jezorek*’ described the chromatographic behaviour 
of several chelating agents covalently bonded by silica 
by an azo linkage. Their studies showed evidence of 
leaching of ligands from the surface of the silica 
substrates by the aqueous mobile phases used, and 
that exchangers with silica-bound ligands have 
low capacities which, unlike those of exchangers 
with polymer-supported ligands, cannot be repro- 
ducibly varied by control of certain conditions during 
synthesis. 

The present work reports an investigation of 
the incorporation of metal-chelating groups in the 
surface of polymeric resin beads and the performance 
of such materials in HPLC. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer model 601 liquid chromatograph with a 
20-~1 injection loop was used. The columns were made with 
stainless-steel tubing (25 cm long, 3 mm bore). The conduc- 
tivity detector was an LKB Conductor Monitor, attached to 
a Perkin-Elmer model 123 recorder. 

Reagents 

All chemicals were analytical-reagent grade wherever 
possible, and used as received unless otherwise specified. 
Water was purified by distillation of demineralized water in 
a glass still. Eluents and the solutions used for column 
packing were prepared from distilled demineralized water 
and filtered through a 0.45-pm membrane filter before use. 
Before passage through the column, eluents were degassed 
by stirring under reduced pressure for several minutes until 
formation of bubbles was negligible. 

Metal-ion stock solutions (0.05M) were made by dissolv- 
ing the chlorides or nitrates in distilled demineralized water. 
The Fe(II1) standard solution for analysis was prepared by 
dilution of the stock solution with the eluent of interest, to 
minimize the magnitude of the solvent response in the 
chromatography. The styrene-divinylbenzene copolymer 
beads used were BN-x4 from Benson Co., Reno, Nevada, 
U.S.A. with 4% cross-linking and 7-10 pm average bead 
diameter. The beads were extracted with methanol in a 
Soxhlet apparatus three times (each time for 24 hr) and 
dried at 60” until free-flowing, then stored in a sealed jar in 
the oven at the same temperature. 

Nitration of BN-x4 

The polystyrene beads were added all at once to the 
nitration mixture (10 ml of concentrated nitric acid and 25 
ml of concentrated sulphuric acid for each 5 g of BN-x4) 
in a 250-m] round-bottomed flask held in a thermostatically 
controlled oil-bath. After mechanical stirring at the desired 
temperature for the selected time, the reaction mixture was 
poured rapidly into 500 ml of crushed ice. 

The resin was then washed repeatedly with water until 
free from acid. Rinsing the acid-free resin with sodium 
nitrate solution did not produce acid washings, so pre- 
sumably no sulphonic acid groups are introduced into the 
copolymer. Reduction, diazotization, and coupling of the 
diazonium salt to 8-hydroxyquinoline were done exactly as 
described by Davies et al.” except that the diazonium salt 
was added all at once to the alkaline solution of 8-hydroxy- 
quinoline, prepared by dissolving 2 g of 8-hydroxyquinoline 
with 20 ml of 10% sodium hydroxide solution and 60 ml of 
water. 

Preparation of buffers 

Buffer solutions with pH values between 3 and 6 were 
made by mixing IM sodium acetate with 1M acetic acid in 
the required proportions. Buffer solutions of pH 0.5-2.5 
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were made by mixing l&f sodium acetate with the appropri- 
ate amount of IM perchloric acid. Buffer solutions of pH 
g-9.5 were made by mixing 1M ammonium chloride with 
the appropriate volume of ammonia solution (fill-fold dilu- 
tion of ~~n~mt~ ammonia solution). 

Capacity determination 
,411 m~~~en~ were made at room temperaWe 

(20 & 4”). A i-g portion of dry resin was shaken with 100 ml 
of 0.025~ metal-ion solution and 20 ml of bufier until 
~uilib~um was attained. The pH was measured befOR 

addition of the resin and again after equilibration (before 
the resin was filtered oKand washed with water). The sorbed 
metal-ion was stripped with 100 ml of 1.5M hydrochloric 
acid and determined by atomic-absorption spectrometry 
(AAS). The capadties were expressed as maq per g of dry 
resin. I 
Exchange rates 

The exchange rates of resins prepared under different 
conditions (duration and temperature of the nitration reac- 
tion) were determined by measuring the amount of copper 
sorbed at pH 5.5 after various periods of mechanical 
shaking of 1 g of dry resin with 100 ml of 0.025M copper(H) 
and 20 ml of pH-5.5 buffer at room temperature. The time 
needed to reach half the maximal sorption (t&l was found 
graphically. Experience has shown that a resin should have 
a tllZ value of 2 min or less, to be satisfactory in column 
operation.2’ As another measure of exchange rates, 1 g of 
resin was shaken vigorously by hand with 100 ml of 0.1514 
copper@) and 20 ml of PI-I-5.5 buffer for exactly 2 min, and 
the sorbed copper was measured by AAS. The capacity thus 
found was expressed as a percentage (P2) of the equilibrium 
capacity. The results are shown in Table 1. 

Cohunn se~i7r&uns 
The prepared resin was slurry-packed by the conventional 

pressure-packing procedure.** or the stirred-slurry upward 
packing procedurez3 into stainfess-steel analytical columns. 
The slurry was made in pH-5.5 buffer. The packed columns 
were rinsed with several bed volumes of the appropriate 
eluent until equ~lib~~, as shown by a stable baseline on the 
recorder, was established. 

RESULTS AND R~USSION 

The introduction of functional groups into the 
easily accessible outer surface of gel-type resins 
should result in resins that have a fast exchange 
rate, a property that is desirable for ion-chromat- 
ography.1V3,’ The capacities of the resins obtained by 
nitrating BN- x 4 for different times and temperatures 
are shown in Fig. 2. It can be seen that low-capacity 
resins (0.02-O. 1 meqjg) are obtained only at tempera- 
tures of 30” or less, 

The selectivity of the 8-hydroxyquinoline resin 
is illustrated in Fig. 3, for six metal ions, A high- 
capacity resin (2.4 meqig) was chosen because the 

Table 1. Effect of chelating capacity on 
batch exchange rate (conditions are 

given in the text) 

Cu(I1) chelating 
capacity, meqlg Pp % 

I.33 
o*i34 1g 
0.112 59:2 
0.042 67.9 

(H.--y-- , oy/ 5 
I 

10 15 20 
Time for nitration (mini 

Fig. 2. Effect of temperature and reaction time of the 
nitration reaction on the capacity of the Il-hydroxyquinoline 

resin. 

2.0 
r 

Fig. 3. Effect of pH on chelating capacity of S-hydroxy- 
quinoline resin; resin capacity 2.4 meq/g. 

0 600 1200 18000 2400 

Contact time (min 1 

Fig. 4. Relation between capacity of the S-hydroxyquinoline 
resin and the time for half maximal absorption (I,&. 
Equilibrium capacities (meq/g}: A, 1.30; B, 1.04; C, 0.25, D, 

0.042. 
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Fig. 5. Transmission electron micrograph of BN-x4 beads, 36,000 x magnification. 

sorption of Mn(II), Fe(I1) and Co(I1) by the low- 
capacity resins was too small (at the lower pH values) 
to be detectable by AAS. Figure 3 can be compared 
with similar plots by other authors. The results are in 
accord with those reported by ParrishI but different 
from those of Vernon and E&es,” in that their resin 
exhibited greater sorption of Co(I1) than of Ni(I1). 
The change in capacity from Mn(I1) to Cu(I1) is in 
accord with the Irving-Williams series of stability 

constants.*’ A low-capacity 8-hydroxyquinoline resin 
is expected to give similar results. 

The times needed to reach equilibrium in sorption 
of copper(I1) by resins of various capacities are 
shown in Fig. 4. As expected, the high-capacity 
resins take longer to reach equilibrium. The exchange 
rates measured for resins of different capacity also 
indicate that the lower the capacity the more fa- 
vourable the exchange rate (Table 1). 

Fig. 6. Transmission electron micrograph of I-hydroxyquinoline immobilized on BN-x4 beads (capacity 
0.042 meq/g); 36,000 x magnification. 
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inject f 
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I_ I I I 
0 4 0 12 

min 

Fig. 7. Separation of 0.2 pmole of Cu(I1) and Zn(I1) with 
2 x 10m3M citrate, pH 3, at a flow-rate of 2 ml/min (pressure 
2100 psig), in a 25 cm x 3 mm column packed with 8- 
hydroxyquinoline resin (capacity 0.042 meq/g); conductivity 

detection. 

Location of 8-hydroxyquinoline groups 

Gel type resins are hydrophobic and have small 
pores. Sevenich and FritzS have stated that penetra- 
tion of these pores should be difficult for charged 
species, such as the nitronium ion, NO:, which is 
generated by the nitrating mixture. Nitration of dry 
non-swollen beads should occur initially at the outer- 
most surface of the bead, and then proceed layer by 
layer towards the centre of the bead. The validity of 
this argument has been shown for sulphonated resins 
by calculation of sulphonat~ depth as a function of 
exchange capacity, assuming constant cross-linking.3 
The location of the 8-hydroxyquinoline groups in the 
resin bead was shown by obtaining transmission 
electron micrographs of thin slices of the resin bead. 
Figure 5 shows an electron micrograph of an un- 
treated BN-x4 bead and Fig. 6 an electron micro- 
graph of 8-hydroxyquinoline on the outer surface of 
BN-x4. Close examination of Fig. 6 shows a dense 
layer on the bead. 

Performance of low -capacity 8-hydroxyquinoline 
resins 

The chromatographi~ efficiency of the beads 
loaded with 8-hydroxyquinoline was tested. The 
rapid separation of Zn(II) and Cu(II) as shown in 
Fig. 7 demonstrates the applicability of the resin for 
ion-chromatography. At a flow-rate of 0.5 ml/min 

1025 

I I I I 

30 20 IO 0 

min 

Fig. 8. Separation of 0.2 pmole of Co(H), Ni(II) and Zn(I1). 
Conditions as for Fig. 7 except that flow-rate is 0.5 ml/min. 

Zn(II); Co(H); Ni(I1) and Cu(I1) can be separated as 
shown in Fig. 8. 
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Summery-Electrothermal atomic-absorption spectrometry is used for the determination of lead in 
tooth-pastes, by means of the graphite platform/matrix-modification technique. The method is easy to 
apply, has limited interferences and is more precise than conventional flame AAS. The working 
~n~~t~tia~ range is up to $00 &I. The method is characterized by a detection Iimit of 0.08 pg,% and 
a precision of + I .9X for the sample solutions. For the tooth-pastes, the detection limit is between I.! 
and 5.4 n&g and the precision in the range I.&10%. 

Lead in tooth-pastes comes from the raw materiahr or 
contamination during manufacture. Consequently, 
the Iraqi’ and British* standards specify that the lead 
content of tooth-pastes must not exceed 5 mg/kg. 

Lead is a toxic element and, even when present 
at very low levels, is stated to cause abnormal 
behaviaur in chiIdren3. 

Lead is not an essential element, and FAQ/WHO 
recommend that the maximum permissible intake of 
lead must be 3 mg per week (0.05 mg/kg body weight 
for adults).3-5 No limiting figures have been reported 
For children and infants, in whom the absorption of 
Iead is faster than in adults. 

The dete~ination of lead and other heavy metals 
in tooth-pastes necessitates the establishment of an 
accurate, rapid and reliable method that is free from 
matrix interferences. Flame atomic-adoption spee- 
trometry (FAAS) has been used for the date~ination 
of lead in tooth-pastes after dry-ashing, acid dissol- 
ution and solvent extraction2 An FAAS procedure 
for analysis of foodstuffs for lead has been mod&d 
for analysis of tooth-paste, and used by some tabora- 
tories6 In these methods, the samples were dry-ashed 
at 450-500”, the ash was dissolved in aqueous 
medium, and the ammonium py~oI~~ne dithiocarba- 
mate (APDC) complexes were formed and extracted 
into methyl isobutyl ketone (MIBK). AAS analysis of 
the organic layer for lead has been widely investigated 
and the chemical and spectral interferences have been 
reported. Errors were related to the limited stability 
of the lead complex in the organic layer, the solubility 
of the solvent in water, and incompleteness of the 
extraction. Furthermore, standard solutions must be 
extracted in the same manner for calibration, so the 
method is time-consuming and laborious, When the 

organic extracts were analysed by electrothermal 
atomization (ETA), the determination was affected 
by the problems of placing samples of organic sol- 
utions in graphite furnaces, and the formation of 
organometalli~ compounds which may lead to some 
loss of the analyte.’ However, these interferences were 
less when matrix modification was used.* This can 
greatly improve the atomization and ashing steps, to 
produce analyte atoms free from matrix material. ft 
can change the properties of the matrix and stabilize 
the analyte against loss during the ashing stage, even 
for high ashing temperatures. Ammonium dihydro- 
gen phosphate has been employed as a matrix 
modifier in the dete~inat~on of lead and cadmium.* 

In the present work tooth-pastes were analysed for 
lead by using ETA-AAS with the L’vov platform. 
Matrix rn~i~ea~on was also used, and ~ornpa~~~ 
with standard methods were made. 

EXPERIMENTAL 

A Perkin-Efmer 370 A atomic”absorption spectrometer 
equipped with an HGA 500 electrothermal atomizer was 
used for all ETA-AAS measurements. The atomizer was 
fitted with commercially available tubes coated with pyro- 
lytic graphite (P/N X&322), and a commercial t;“vov plat- 
form (P/N 109324j. Argon was empIoyed as the atomizer 
purge gas. The graphite tube and platform were cooled 
during operation by means of the HGA cooling system 
(BGG91440). The standards and sample solutions (IO @I) 
were introduced with the aid of an AS40 autosampler, The 
AA signals for lead were measured at 283.3 nm and 
displayed on the digitai read-out of the PE 370 A spectro- 
meter and/or the PE 56 strip-chart recorder. 

Reagents 
A~I~c~-~de reagents and demmerahzed water were 

used in the preparation and dilution of soiutions, A stock 
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solution containing 1000 m&l. lead was prepared from 
Merck Titrisol” ampoules. The working lead standards 
were freshly prepared by serial dilution of the stock solution 
with 0.2% v/v nitric acid after addition of matrix modifier 
at a concentration similar to that in the sample and blank 
solutions. The glassware was soaked in 15% v/v nitric acid 
and washed ten times with demineralized water prior to use. 
The mat~x-m~ifier solutions were I% a~onium di- 
hydrogen phosphate and 10% magnesium nitrate, and 
purified by solvent extraction with dithizone. 

Preparation of tooth-paste samples 
About 24 g of tooth-paste was accurately weighed into 

a 150-ml borosilicate beaker and 1 ml of 1% ammonium 
dihydrogen phosphate solution and 10 ml of 10% mag- 
nesium nitrate solution were added, and thorou~ly mixed 
in with a glass rod. The same reagents were added to 
another beaker and treated as a blank. The glass rod was 
rinsed with a little 95% ethanol. The beakers were placed in 
a hot water-bath to evaporate the ethanol, and then on a 
hot-plate to aid drying. They were then placed in a muffle 
furnace at 200” and the temperature was raised slowly (50” 
each 30 min) to avoid ignition and loss of sample. The 
tem~rature was kept at 450’ overnight. The resulting clean 
white ash was cooled and 10 ml of water and 5 ml of 5M 
nitric acid were added. The contents of the beaker were 
boiled gently and the solution was then filtered through a 
sintered-glass crucible (porosity 4). The residue, if any, was 
washed twice with 5-ml portions of water. The filtrate was 
transferred into a lOO-ml standard flasks and made up to the 
mark with demineralized water. Then lO-~1 aliquots were 
analysed. 

RESULTS AND DISCUSSION 

Optimization of the heating programme 

For drying, two steps were used to ensure complete 
dryness of the sample deposited on the platform 
(Table 1). The ashing temperature is important in 
the determination and, as can be seen in Fig. 1, the 
matrix modifiers ammonium dihydrogen phosphate 
and magnesium nitrate stabilized lead up to an ashing 
temperature of 800”, above which some analyte was 
lost. 

During atomization, the effect of temperature on 
platform-atomization was identical to that with 
normal tube-wall atomization, although the peak 
maximum was found to be different. The optimum 
atomization temperature was 1400”, applied for 6 set, 
and reached at fast heating rate (Fig. 2). However, the 
argon gas flow-rate was important at this stage, so it 
was varied between 0 and 300 ml/min in a search for 
the optimum. The sensitivity decreased exponentially 

Table 1. Graphite furnace programme for the determination 
of lead in tooth-paste samples by ETA-AAS and the 

platfo~/mat~x-m~fi~tion technique flO+ samples) 

step 

1 2 3 4 5 

Temperature, “C 80 130 800 1400 2650 
Ramp, set 5 20 5 0 
Hold, set 15 20 30 6 : 
Recorder, see -4 
Read 
Internal gas flow, 300 300 8 300 

mlfmin 

400 loo0 12ao 

Temperature R 1 

Fig. 1. Effect of ashing temperature on the signal for 10 ~1 
of 50 ng/inl lead solution, with matrix modification and 

platform atomization. 

with increase in argon Row-rate (Fig. 3). At this stage 
the gas-stop mode was selected for use. 

Table 2 shows the effect of sample volume injected 
onto the platform, for 2.0 ng of lead. The sensitivity 
was not significantly dependent on the sample vol- 
ume, but the reproducibility was slightly better at a 
sample volume of 10 p 1, which therefore used during 
the rest of this study. 

ID 0.6 

z 

x 
g 0.5 
a 

$ 

1200 1600 

Temperature f OC) 
2000 

Fig. 2. Effect of platform temperature on the signal for lead. 

Flow-rate ml/min 

Fig. 3. Effect of purge gas flow-rate on the sensitivity. 
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Table 2. Effect of sample volume on lead absorbance at 
283.3 nm and precision (atomization at 2ooo”C) 

Volume, 
PI 

10 
20 
50 

Lead 
concn., 

I.&l. 

200 
100 
40 

Mean 
peak height, 

mm 

69. I 
66.3 
63.4 

Relative std. 
devn, (%) 

0.3 
0.6 
0.4 

Table 3. The chemical composition of the tooth-paste 
prepared according to BS 5136/1981 _ 

Constituent % w/w 

Precipitated calcium carbonate 40.0 
Glycerol 23.0 
Sodium carboxymethylcellulose 1.40 
Dodecyl sodium sulphate 1.00 
Sodium silicate 0.50 
Saccharin sodium 0.15 
Formalin (40% w/w formaldehyde) 0.10 
Peppermint flavouring 0.80 
Water 33.05 

Table 4. Precision, detection limit and recovery of Pb in 
tooth-pastes under optimum conditions 

Precision 
Sample RSD, % 

Reference tooth-paste* 10.0 
Amber 9.0 
Signai 6.6 
Trisa 1.8 
Macleans 2.2 

*Prepared according to BS 5136/1981. 

Detection 
limit, 
W/S 
2.0 
3.1 
1.2 
1.1 
5.4 

The peak-height working calibration graph was 
linear up to an absorbance of 0.41, corresponding to 
a lead concentration of 100 pg/l. The linear range can 
be extended by using the peak area mode. The 
reproducibility (RSD) was measured under the opti- 
mum con~tions with a 50 pg/l. lead solution (ten 
replicates) and found to be 1.9%, compared to a 
value of 1.8% for tube-wall atomization. The detec- 
tion limit for lead, calculated from the results for 
replicate injection of 10 ~1 of 1.0 pg/l. solution was 
found to be 0.084 @g/l. 

Table 5. Recoveries of lead added to the tooth-paste 
samples 

Standard 
addition, Found, Recovery, 

Sample figtgll. Us/l. % 

0 0 - 
Reference 20 16 80 

40 36 90 
60 56 93 
0 0 - 

Amber 20 22 110 
40 41 102 
60 57 95 
0 0 

Signal 20 22 110 
40 38 95 
60 58 97 

0 0 - 
Trisa 20 18 90 

40 31 78 
60 47 

0 0 18 
Macleans 20 90 

40 :: 86 
60 48 80 

~ete~~~~~t~on of Iead in toots-pastes 

Four different tooth-pastes produced by three 
different manufacturers, in addition to a special 
tooth-paste prepared in accordance with the Eritish 
Standard2 (Table 3), were used as samples throughout 
this work. Lead was determined in these samples by 
use of a matrix modifier and platform atomization 
after dry-ashing as described above. Except for the 
special tooth-paste, the samples left some residue 
after the dry-ashing and acid dissolution steps. This 
may be related to the chemical composition of the 
paste, if, for example silica is produced in the ashing 
step. The analytical results are given in Table 4. It 
appears that the precision of the determination was 
in the range 1.8-10% and the detection limit was 
between 1.1 and 5.4 rig/g.. From each sample solution 
four S-ml portions were taken and increasing aliquots 
of standard solution were added to give sample sol- 
utions with 0, 20,40 and 60 gg/l. standard additions. 
The recovery of these additions was determined and 
is shown in Table 5. It can be seen that the recovery 
was dependent on the sample type and ranged be- 
tween 78 and 110. Although the variation is large, it 
is acceptable in view of the low concentration. 

Table 6. Determination of Pb by ETA-AAS with platform/matrix modifi- 
cation, in comparison with other methods 

BS 5136 
This work, procedure, BMIRA Labs., Rooney Labs., 

Sample fig/g rglg K!?lg pgrgig 
Reference 0.46 0.38 - - 
Amber 0.46 0.41 - - 
Signal 0.28 0.25 - - 
Trisa 0.58 0.41 0.9 
Macleans 0.57 0.53 0.9 
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Under the optimum working conditions, the tooth- problems and errors associated with the extraction of 
paste samples were analysed by calibration against lead. The method is reIatively free from matrix 
aqueous lead standard solutions. The results are interferences and shortens the analysis. 
presented in Table 6, which also shows the results of 
analysis by the British Standard method* and back- 
extraction of the metal from the organic layer into 
nitric acid. Two of the commercial tooth-pastes were :’ 
anatysed inde~ndently by two laboratories in the 3: 
UK, BMIRA6 (with results similar to ours) and 
Rooney Laboratories Ltd.“’ (with somewhat higher 
results obtained by a digestion and polarographic 

4~ 
’ 

technique). 6. 
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CONCLUSION 
7. 
8. 

ETA-AAS with platform atomization and matrix 9’ 
modification gives reasonable results for the deter- 10, 
mination of lead in tooth-paste, and eliminates the 
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Sununnry--An ion-pair HPLC fluorimetric determination of AI(III) at trace level has been developed, with 
salicylaldehydebenzoylhydrazone (SAB) as a precolumn reagent. The highly fluorescent Al-SAB chelate 
(A, 390.8 nm, &,, 458.1 nm) is separated on a LiChroCART RP-18 column with an eluent consisting of 
3.1 x lo-‘m tetrabutylammonium bromide, 1 x lo-‘m disodium EDTA and 5 x 10v3m sodium acetate 
in aqueous 42% w/w acetonitrile solution. The detection limit for Al is ISnM (40 pg/ml) in a lOO-~1 
injection. The ~trophotome~ic detection limit at 390 nm is 0.3 ng/ml for 0.005 frill-scale absorbance 
range. The selectivity is excellent and the method is useful for routine quality-control applications, such 
as determination of Al in tap water and in alkali pellets (LiOH, NaOH and KOH). 

Recently, the increased concentration of aluminium 
in fresh water has been shown to be harmful to 
aquatic biota.’ Additionally, it has been claimed that 
an accumulation of aluminium in brain and bones, 
associated with haemodialysis, can prove fatal for 
renal failure patients.’ An urgent demand has thus 
been recognized for the development of techniques to 
measure aluminium at low concentrations. 

Many methods have been proposed for the deter- 
mination of aluminium, but most have poor sensitiv- 
ity and suffer from matrix interferences. Recent work 
on environmental and clinical samples has been 
centred on el~trothe~al atomic-absorption spec- 
trophotometry (ETA-AAS) with a pyrolytic graphite 
tube and L’vov platform for atomization.M The 
detection limit is about 1 ng/ml, but the precision 
becomes poorer in the rig/g range (R.S.D. sometimes 
> 15%). The situation is similar for inductively 
coupled plasma atomic-emission spectrometry 
(ICP-AES).’ 

A promising alternative approach is high-perfor- 
mance liquid chromatography (HPLC) of metal 
chelates.8*9 With 2,~-dihydroxyazoben~ne (DHAB) 
as a precolumn reagent in an ion-pair reversed-phase 
HPLC-s~trophotometric detection system, a detec- 
tion limit of 0.4 ng/ml has been obtained for alu- 
minium with an R.S.D. of 1.3% at the 10 ng/ml 
level.‘0 Unfortunateiy, most HPLC methods for alu- 
minium so far reported have poor performance at the 

*Present address: Department of Environmental Chemistry, 
Utsunomiya University, Ishii-machi, Utsunomiya, 321 
Japan. 

~To whom correspondence should be addressed. 

ng/ml level and little information for the choice of 
complexing agent is available.“-‘3 The success of the 
DHAB method encouraged a systematic survey of 
precolumn reagents for aluminium. 

Salicylaldehyde~nzoylhydrazone (SAB), provides 
a very similar co-ordination environment to that of 
DHAB, and is a suitable precolumn reagent for 
aluminium. The ease of synthesis of SAB4 makes it 
convenient for routine use. 

DHAB 

keio 
SAB 

enat 

The fact that the SAB chelate of aluminium 
fluoresces strongly in aqueous solution allows devel- 
opment of a highly selective and sensitive method by 
coupling HPLC and fluorimetry. 

This paper describes the exploitation of the ion- 
pair HPLC-fluorimetric system for the determination 
of ultratrace amounts of aluminium in tap water and 
alkali-metal hydroxide pellets. 

EXPERIMENTAL 

Materials 

SAB was synthesized from salicylaldehyde and benzoyl- 
hydra&e by the method reported by Sacconi.‘” The crude 
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product was twice recrystallized from methanol-water (1: 1 ions from aqueous solutions,‘s~‘6 so the MOPS buffer sol- 
v/v) and purity checked by elemental analysis. A 2 x lo-‘m ution was purified in this way. No aluminium could be 

solution of SAB was DreDared by dissolving the solid in detected in the buffer solution after two extractions. _ _ 
slightly alkaline 4% w/w PONPE-20 soluti& just before 
use. The non-ionic surfactant, PONPE-20 (polyoxyethylene- 
4nonylphenoxyether with 20 oxyethylene units), was used 
to solubilize the SAB. Metal ion stock solutions (lO-ZM) 
were prepared from the chlorides and standardized by 
EDTA titration. The solutions of V(V) and MO(W) were 
prepared from ammonium metavanadate and ammonium 
heptamolybdate, respectively. The hydrochloric acid used 
was Ultranur arade from Cica-Merck. A 1M aqueous buffer 
solution, ‘pH_ 7.2, was prepared from 3-(N-morphol- 
ino)propanesulphonic acid (MOPS, Dojindo) and sodium 
hydroxide. It was shaken twice with a chloroform solution 
of I-quinolinol before use to remove traces of Al(II1). 
Doubly distilled water was used throughout. The alkali 
metal hydroxides (LiOH, NaOH and KOH) and all other 
reagents and solvents used were of guaranteed reagent 
grade. 

Apparatus 
The HPLC system used consisted of an LC-5A pump 

unit, a model SPD-2A spectrophotometric detector, and a 
model RF-530 spectrofluorimetric detector from Shimadzu, 
and a Rheodyne 7125 loop injector (100 ~1). The column 
used was a LiChroCART RP-18 (i.d. 4 mm, length 125 mm, 
particle size 5 pm) from C&-Merck. A Hitachi model 200 
double-beam recording spectrophotometer and model 850 
spectrofluorimeter were used for spectral measurements. pH 
measurements were made with a Horiba model M-8S pH- 
meter. 

Procedure 
For tap water analysis, 0.5 ml of 1M hydrochloric acid, 

2 ml of SAB solution and 2 ml of 1M MOPS-sodium 
hydroxide buffer were added to 10 ml of sample. After 
addition of 1 ml of 10% w/w PONPE-20 solution, the 
mixture was heated for 3 min in a water-bath at 60”. After 
cooling the solution was made up to volume in a 20-ml stan- 
dard flask and a portion was loaded into a IOO-~1 loop for 
HPLC with an eluent consisting of mixture of 3.1 x lo-‘m 
tetrabutylammonium bromide (TBABr), 1 x 10m4m di- 
sodium EDTA and 5 x IO-‘m sodium acetate in aceto- 
nitrile-water (42: 58 w/w) at a flow-rate of 1.0 ml/min. The 
apparent pH of the eluent was about 7. The excitation and 
emission wavelengths of the detector were set at 390.8 and 
458.1 nm, respectively, and the peak height calibration curve 
was drawn with use of the appropriate sensitivity settings. 

In the analysis of alkali-metal hydroxide pellets, all the 
analyte solutions were prepared on a weight basis. An 
appropriate number of pellets were weighed and dissolved 
in water to give a ca. 3m solution. One g of the solution was 
neutralized by adding 0.8 ml of 4m hydrochloric acid and 
then treated as for the tap water analysis. The final weight 
of the sample solution was adjusted to 10.00 g with water, 
on a direct reading balance. 

Contamination control 
Because of the widespread occurrence of aluminium, a 

high blank value caused by contamination is always a 
serious problem in trace determinations of aluminium. The 
major sources of extraneous aluminium are the glassware, 
reagents and solutions used. Use of glassware should be 
avoided, and Teflon beakers and containers used for the 
preparation and storage of solutions and samples. Serious 
contamination was found to arise from the hydrochloric 
acid and MOPS buffer solution because they were used in 
relatively high concentrations. The aluminium content of 
the Ultrapur-grade hydrochloric acid used was certified (by 
the manufacturer) as less than 2 rig/g.. 

Extraction with chloroform solutions of I-quinolinol or 
dithizone is known to be effective in the removal of metal 

Although there still remained a small aluminium blank 
(ca. nM level), more complete decontamination was not 
attempted. The metal contaminants from the inner stainless- 
steel wall of the HPLC column were masked with EDTA 
dissolved in the mobile phase. 

RESULTS AND DISCUSSION 

Spectra and precolumn complexation reactions 

All the spectral and complexation studies were 
performed with PONPE-20 micellar solutions in con- 
formity with the precolumn complexation procedure. 

The absorption and uncorrected fluorescence emis- 
sion spectra of SAB and its aluminium complex are 
shown in Fig. 1. The complex has an absorption 
maximum at 388 nm with a molar absorptivity, 6, of 
3.40 x lo4 l.mole-‘.cm-‘. As shown in Table 1, 
other SAB chelates of common cations also exhibit 
absorption maxima in the wavelength region 360-410 
nm. The aluminium chelate has its emission maxi- 
mum at 458 nm (uncorrected). SAB shows very low 
emission intensity under the same conditions and its 
transition-metal chelates are essentially non- 
fluorescent. The molar absorptivity of the aluminium 
chelate is the largest shown in Table 1, thus giving the 
highest sensitivity in the spectrophotometric detec- 
tion. 

Absorbance-pH curves for the SAB chelates are 
given in Fig. 2. The aluminium chelate shows a 
maximal constant absorbance over the pH range 
6.5-8.0. The chelates of Fe(III), Co(II), and V(V) are 
also formed in a similar pH region. The molar ratio 
method showed the aluminium to ligand ratio to be 
1: 2. Since SAB behaves as a diprotic acid, H2 L, the 
aluminium chelate is anionic [AlL,]- under neutral 
pH conditions. A plot of absorbance at 388 nm 
against time for the complexation reaction is shown 
in Fig. 3. The reaction is so slow that the equilibrium 
is attained only after 60 min in neutral PONPE-20 
micellar solution at room temperature. The complex- 
ation reaction was therefore accelerated by heating at 
60” for 3 min to reduce the analysis time. Complexa- 
tion is also slow for other SAB chelates. Solubiliza- 
tion with PONPE-20 surfactant reduces the 
extramicellar SAB activity and is partly responsible 
for the slow complexation kinetics. 

Chromatography and interference studies 

A typical chromatogram obtained for a solution 
containing eleven metal ions [Al(III), Cd(II), Co(II), 
Cr(III), Cu(II), Fe(III), Mn(II), Mo(VI), Ni(II), V(V) 
and Zn(II)] is shown in Fig. 4. Only the SAB chelates 
of typically “hard” metal ions, V(V), Al(III), Fe(II1) 
and Co(III), were detected spectrophotometrically. 
High specificity for aluminium, with increased sensi- 
tivity, was obtained by using a fluorimetric detector. 
The other SAB chelates are probably decomposed in 
the HPLC column owing to their labile nature. It has 
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Fig. 1. Absorption (left) and uncorrected fluorescence 
emission (right) spectra of SAB and its Al chelate at 
pH 7.1 (0.02M MOPS-NaOH buffer). Absorption 
spectra: C,, = 2.04 x 1W5kf, C,, = 8.0 x IO-‘IM, 0.16% 
w/w PONPE-20. Emission spectra: C,, = 2.04 x 10Ws~, 
Cs,, = 4.0 x 10T4M, 0.08% w/w PONPE20. Excitation 
wavelength = 390 nm, excitation and emission band- 

pass = 5 nm. 

already been claimed that the precolumn-derivatiza- 
tion/HPLC system utilizes differences in the dissocia- 
tion kinetics of metal chelates on a column to achieve 
discrimination between metal ions.‘“i7*18 Only inert 
SAB chelates survive during migration along the 
column, particularly when the free reagent concentra- 
tion is greatly reduced in the vicinity of their elution 
zones. For similar kinetic reasons, the inert chelates 
do not undergo the replacement reaction with the 
EDTA present in the eluent. 

The retention data for some SAB chelates with 
varying concentrations of an ion-pairing agent, 
TBABr, in the mobile phase are shown in Pig. 5. 
These data can be explained on the basis of the 
ion-pair partition mechanism,” The steep increase in 
the capacity factors for the tervalent metal chelates 
with increasing TBABr concentration indicates that 
ion-pairing dominates the retention of these anionic 
species, [ML,] I, in the RP mode. The vanadate 
chelate is much more hydrophilic, having the possible 
formula [VO, L] -, so its retention is relatively insen- 
sitive to change in the TBABr concentration. The 
capacity factor for SAB is unchanged since SAB is a 
neutral species under these conditions. 

Table 1. Absorption maxima and molar abso~tivjties of 
some metal SAB chelates 

Metal 1 _, nm L, JO” i.mole-l.cm-’ pH* 

Al(W) 388 3.4 
Fe(II1) 1.6 
co(II)t :z 1.8 
V(V) 390 0.90 
Cu(I1) 380 I.3 
Ni(I1) 410 
UII) 404 

;:: 

*pH range for maximal constant absorbance. 
?Probably oxidized to the tervalent state. 

6.5-8.2 
3.0-8.0 
6.0-8.0 
4.0-8.4 
4.5-8.0 
5.5-8.2 
6.5-7.8 

’ I 
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Fig. 2. Absorbance-pH curves for some metal SAB chelates. 
C mcta, = 2.0 x 10-5M, CsAe = 8.0 x 10-5M, 0.16% w/w 

PONPE-20. 

The influence of foreign ions on the fluorimetric 
HPLC determination of traces of aluminium is shown 
in Table 2 in terms of the molar ratio tolerance limit. 
Alkali-metal cations and common anions at molar 
ratios up to IO6 and 104, respectively, do not interfere. 
The common metal ions tested are tolerated at molar 
ratios of 50-100 to aluminium. Equimolar amounts 
of Ga(II1) cause a serious positive error, however, 
because of the poor resolution between the 
fluorescent SAB chelates of aluminium and gallium 
under the conditions specified, but the peaks for these 
chelates might be resolvable by judicious manipula- 

b I 1 1 
0 20 40 60 

t (mini 
Fig. 3. Rate of the complexation reaction of SAB with 
A&III) at room temperature (20 f 2’). C,, = 2.04 x 10VsM, 
C,,, = 8.0 x lW5M, pH = 7.5 (O.OZM MOPS-NaOH 

buffer, 0.16% w/w PONPE-20). 
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HPLC separation of SAB chelates. Sample, 
c,, = 2.04 x lO_“M, c,, = 2.0 x lO+M, other metal ions 
(Cd, Co, Cu, Fe, Mn, MO, Ni, V and Zn) each 2.0 x 10m6M, 
pH 7.2 (0.1 M MOPS-NaOH buffer), 0.9% w/w PONPE-20. 
Column, LiChroCART RP-18. Mobile phase, 42.0% w/w 
aqueous acetonitrile containing 3.lmm TBABr, 5mm 
sodium acetate and O.lmm disodium EDTA, flow-rate 1.0 
ml/min. Detection, 390 nm for absorbance detection at 0.08 
absorbance full-scale, 390.8 and 458.1 nm for excitation and 

emission, respectively, in fluorescence detection. 

tion of the HPLC operating conditions. Potential 
interferences from diverse metal ions present in large 
excess are thought to be caused by consumption of 
the SAB reagent under the precolumn derivatization 
conditions rather than by peak overlap. Such interfer- 
ences can be overcome by adding a sufficiently large 
amount of the reagent, or by diluting the sample prior 
to derivatization. 

Sensitivity, calibration data and reproducibility 

The latest detectors on the market are more sensi- 
tive and stable. In on-column and post-column 
derivatization systems, however, the reagent stream 
gives rise to increased background noise. Unlike such 
systems, precolumn derivatization permits the utiliza- 
tion of the highest sensitivity allowed by the signal-to- 
noise ratio of the instruments. The reagent migrates 
down the column far apart from the chelates and so 
makes no contribution to the response of the chelates. 

In the fluorimetric detection mode, linear calibra- 
tion data for aluminium over the range 
1 x lo-*-5 x 10e6M were obtained by changing the 
detector sensitivity settings stepwise, but the calibra- 
tion graph, became concave near the blank value in 
the nM range. The detection limit (taken as the 
concentration equivalent to three times the standard 
deviation of the blank) was found to be 1SnM (40 
pg/ml) which is extremely low compared with those 

2 4 6 

TBABr (mmolal) 

Fig. 5. Plots of capacity factor us. TBABr concentration for 
SAB and its metal chelates. All conditions other than 

TBABr concentration as for Fig. 4. 

of existing methods, such as spectrophotometry,2b22 
fluorimetry,20*23 gas chromatography,” electrothermal 
AAS3d and ICP-AES.’ The method proposed here 
provides the highest molar sensitivity for aluminium 
in solution. Even with spectrophotometric detection 
(at 390 nm with 0.005 absorbance full-scale) the 
detection limit was 0.3 ng/ml. The reproducibility 
(relative standard deviation) of the method is 1.6% 
R.S.D. for 8 replicate analyses of 2.0 x IO-‘M (5.4 
ng/ml) aluminium solution. 

Practical applications 

The applicability of the method to routine quality 
control analysis was checked with tap water and 
reagent grade alkali-metal hydroxides as model sam- 
ples. The analytical results for 8 different tap water 
samples are shown in Table 3. The values determined 
by the SAB method are in good agreement with those 
obtained by electrothermal AAS and by spectro- 
photometric HPLC determination using 2,2’- 
dihydroxyazobenzene (DHAB) as reagent.” The 
abnormally high value for sample No. 8 is probably 

Table 2. Tolerance limits for diverse ions in the determina- 
tion of aluminium*t 

Tolerance limit, 
MWll Ion 

IO6 Na+. K+, Li+, Ca*+ 
Cl-, SO:-, CH,COO- 

10’ c,o:- 

102 Fe(III), Cu(II), V(V), Co(II), 
Zn(II), Ni(II), Mn(II), W(VI) 

1 Ga(III) 

l Aluminium added, 1.0 x lo-‘M (2.7 ng/g). 
TTolerance limit is defined as the molar ratio which gives not 

more than &5% error in the determination. 
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Table 3. Analytical results for Al ion in tap water samples 

Al ion found, nglml” 

Sample DHAB El~~othe~al 
No. method AAS This method 

1 7.7 8.1 10.1 
2 12.7 12.0 13.7 
3 14.8 19.3 18.5 
4 11.0 11.0 13.4 
5 2.6 4.5 6.5 
6 55.0 61.5 52.7 
7 20.5 25.9 22.4 
8 248 214 238 

+ f 0.25 at 95% confidence level. 

due to leakage of the aluminium compound added as 
a flocculant in the water-treatment plant. 

The chromatogram for the sodium hydroxide 
sample is shown in Fig. 6. Whereas in the spectro- 
photometric detection mode the tail of the reagent 
peak overlaps the peak of the aluminium chelate, 
excellent peak resolution is obtained by fluorimetric 
detection. As can be seen from Fig. 6, the hydroxide 
sample is contaminated with iron. 

A standard additions technique was employed for 
the determination of aluminium in the reagent grade 
hydroxides. Aluminium in the hydroxide sample sol- 
utions quantitatively formed the SAB chelate under 
the conditions specified without any loss on neutral- 
ization. The aluminium content of the various hy- 
droxides is shown in Table 4. There are no simple 
reference methods capable of detecting traces of 
aluminium in such matrices. The AAS method was 
useless for cross-checking purposes. 

- 

1 
- 

- 

Fe 

Fig. 6. Typical chromatogram for the sodium hydroxide 
sample solution. Column and mobile phase as for Fig. 4. 

Table 4. Alumjni~ content in 
reagent-grade alkali-metal hydroxides 

Hydroxide Al content, na/a* 

LiOH 604fJ6 
NaOH 149 & 80 
KOH 223 & 29 

*At 95% confidence level for three 
determinations. 

The fluorimetric HPLC determination proposed 
here permits trace analysis of concentrated salt soiu- 
tions (0.3M or greater). The complicated procedures, 
such as preseparation and matrix-matching that are 
otherwise needed for the removal of matrix effects are 
thus eliminated, although prolonged use of the sys- 
tem for such concentrated salt solutions leads to 
undesirable column degradation. Nonetheless, the 
capabilities of the method will be further demon- 
strated in clinical, environmental and industrial 
analysis (of blood, sea-water, electronic purity grade 
materials, 6%). 
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Summary-Room temperature phosphorimetry (RTP) of a mixture of two methylxanthines is described. 
The similar spectral characteristics of caffeine and th~phylline require use of a separation procedure prior 
to RTP analysis. A facile and efficient separation method is reported, and the efficiency of the separation, 
and the RTP characteristics of the methylxanthines are presented. 

Winefordner and co-workers’-’ have studied the 
spectral characteristics of caffeine and th~phyIiine 
by room temperature phosphorimetry, RTP. The 
analysis of mixtures of these two methylx~thin~ by 
RTP has not been previously reported. Here, we 
demonstrate, for the first time, the feasibility of RTP 
analysis for caffeine and theophylline mixtures by 
variation of the pH of the mixture and utilization of 
a two-phase solvent system. 

Apparatus 
All RTP measurements were performed with an Aminco- 

Bowman s~~ophotofluoromet~r fitted with a 150-W 
xenon arc lamp, a ~borato~-instructs phosphoroscol# 
with a chopping rate of 200 Hz, a bar-type filter-paper 
holder: and a lP21 photomultiplier tube. 

Reagents 
Caffeine and theophylline were purchased from Sigma 

Chemical Company (St. Louis, MO) and Aldrich Chemical 
Company (Milwa~~, WI), respectively. Absolute ethanol 
was -obt&ned from Florida Distillers Company (Lake 
Alfred, FL) and chloroform from Eastman Kodak Com- 
pany (Rochester, NY). All other chemicals were ACS 
reagent grade and obtained from Fisher Scientific Company 
(Orlando, FL) and Aldrich. Filter papers (Whatman No. 1 
and DE-81), obtained from Whatman Chemical Separation, 
Inc. (Clifton, NJ) were used without further chemical 
t~atment. 

Standard stock solutions (500 &g/ml) were prepared 
by accurately weighing portions of caffeine or theophylline 
into 100~ml standard flasks and dipoles and diluting to 
volume with absolute ethanol. Working standard solutions 
were prepared in SO-ml standard flasks daily by dilution of 
the stock solution with demineralized water. All standard 
soiutions with con~ntrations from 1 to SO &ml contained 
less than 10% v/v ethanol. Caffeine and theophylline 
mixtures were prepared from the standard solutions. For 
the studies on effect of sodium hydroxide concentration, 
10 @g/ml caffeine and theophylline sotutions were prepared 
with various sodium hydroside concentrations (see Results 

*Research supported by NIH-ROl-GMll373-26. 
tGn leave: Department of Chemistry, Nanjing Normal 

University, Nanjing, People’s Republic of China. 
gAuthor to whom correspondence should be sent. 

and Discussion). All solutions of heavy atom compounds 
were 1M with respect to the heavy atom. 

Procedures 
General. The operational details of the Aminc~Bo~an 

s~trophoto~uorometer have been described.2*s All RTP 
measurements of the analytes required correction for the 
background emission of the substrate in order to determine 
the net RTP signal intensity for the analyte. For the 
examination of the effect of different heavy atoms on the 
emission intensity of the analytes, disks of Whatman No. 1 
and DE-81 filter papers were spotted with 3 ~1 of the 
appropriate heavy atom solution and dried under nitrogen, 
then the RTP emission intensity was recorded at the caffeine 
and theophylline maximum excitation and emission wave- 
lengths. Subsequently, 2 ~1 of the analyte solution were 
spotted onto the pretreated disk and the RTP intensity was 
recorded. The background emission intensity was then 
subtracted, yielding the net RTP signal intensity of the 
analyte. All RTP measurements were done in this manner, 
so all intensities reported here are net RTP signal intensities 
of the analytes. For the pH studies, both Whatman No. 1 
and DE-81 filter paper disks were examined as possible 
substrates. These substrates were pretreated with 3 &l of 1 M 
potassium iodide for examination of the analyte in solutions 
of various sodium hydroxide concentrations. In addition, 
another set of these substrates was pretreated with 3 ~1 of 
1M potassium iodide and 3 ~1 of sodium hydroxide sol- 
utions of various concentrations. After measurement of the 
background of these substrates, 2 ~1 of the analyte were 
applied and the RTP intensity was recorded. For the 
mixture analysis, Whatman No. 1 paper was pretreated with 
3 pl of lh4 potassium iodide and 3 ~1 of O.lM sodium 
hydroxide in order to determine the background emission. 
Two ~1 of the analyte mixture were added to the substrate 
for analysis. All Nter paper substrates and substrates con- 
taining analytes were dried and measured in a nitrogen 
atmosphere. 

Extraction studies. For extraction of caffeine from mix- 
tures of caffeine and ~eophylline in ethanol-water sol- 
utions, the pH was adjusted to 9.0 with small increments of 
O.lM sodium hydroxide and the solution was diluted to 
known volume. A volume of 5.00 ml of this mixture was 
placed in a 30.ml separatory funnel with an equal volume 
of chloroform, The caffeine was extracted into the chloro- 
form phase by vigorous shaking for 3 min, and a suitable 
aliquot of this phase was spotted onto an appropriately 
prepared filter paper disk and dried under nitrogen, and 
RTP measurement was performed. An aliquot of the 
aqueous phase was spotted on another prepared filter paper 
disk and the RTP of the theophylline was measured. 
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Separation of the two phases was not required provided the 
volumes of the two phases were the same for all samples and 
calibration standards. This avoided the dilution of the 
analyte that would have occurred if the phases had been 
made up to a standard volume after extraction, and also any 
clean-up steps, since the calibration would automatically 
compensate for their omission. 

RESULTS AND DISCUSSION 

Figure 1 shows the RTP spectra of caffeine, theo- 
phylline, the mixture, and their respective blanks. 
Preliminary inspection indicates that the maximum 
emissions for caffeine and theophylline in the pres- 
ence of potassium iodide and sodium hydroxide are 
at 435 and 488 nm, respectively, with an excitation 
wavelength of 275 nm. The maximum intensity for 
the mixture containing equal amounts of each analyte 
is also at 435 nm, the emission wavelength for 
caffeine, which is expected since caffeine, weight for 
weight, produces a phosphorescence signal four times 
greater than that of theophylline in this system. 
Mixtures of different concentrations of caffeine and 
theophylline consistently produced spectra with 
lower intensity than the sum of the intensities for the 
two analytes measured individually under identical 
conditions. The maximum RTP emission for caffeine 
or theophylline in the presence of potassium iodide 
alone is 435 nm. Although the presence of sodium 
hydroxide resulted in a large red shift of 50 nm in the 
maximum RTP emission of theophylline (to 488 nm), 
the peak emission wavelengths for caffeine and 
theophylline would need to be shifted still further 
apart for both components to be determined in a 
mixture (see Fig. 1). Alternatively, selective sup- 
pression of the phosphorescence of one of the com- 
ponents in the mixture could allow determination of 
the two compounds. Choice of the type and concen- 

a I- 
i I I I I I I I I 

350 400 450 500 550 800 

Wavelength (nm) 

Fig. 1. RTP emission spectra of (a) 2 ~1 of 10 pg/ml caffeine, 
(b) 2 4 of 5 &ml caffeine. (c) 2 ul of 10 ualml theo- 
f&ylline, (d) n&ure of 2 pi containing 5 pi: caffeine, 
5 ppm theophylline; (e) blanks for (a)-(d) on Whatman No. 
1 paper prepared with 3 ~1 of O.lM NaOH and 3 ~1 of 1M 
KI. Similar spectra occur on Whatman DE-81 under the 
same conditions. Excitation and emission wavelengths 275 

and 440 nm, respectively. 

tration of heavy atom and substrate, and of the pH 
are common ways for selective enhancement and 
suppression of a phosphorescence signal, as well as 
for producing small shifts in the excitation and 
emission wavelengths of analytes. 

According to Bateh and Winefordner,l neither 
caffeine nor theophylline phosphoresced in the pres- 
ence of heavy-atom cations; however, RTP of these 
species was observed in the presence of inorganic 
halides. In this work, the effect of KI, KBr, KCl, 
TlNO,, CsNO, , Pb(NO,), and Hg(N03),, as heavy- 
atom compounds, on the phosphorescence of caffeine 
and theophylline on Whatman No. 1 filter paper 
was investigated. Unfortunately, a given heavy atom 
produced nearly identical quenching or enhancement 
of both analyte signals, and also resulted in emission 
wavelengths that were nearly the same. Although 
some differences occurred among the different heavy- 
atom systems, potassium iodide gave the best results, 
with the highest signal to blank ratio, and the greatest 
enhancement in the phosphorescence emission for 
both caffeine and theophylline, and was utilized in all 
further studies. It should be noted that for both 
analytes all the other heavy-atom systems red-shifted 
the maximum RTP emission by about 50 nm away 
from that for the potassium iodide system; no expla- 
nation can be given for this large shift. The RTP of 
caffeine and theophylline on the two types of filter 
paper (Whatman No. 1 and DE-8 1) was examined in 
the presence and absence of potassium iodide. The 
wavelengths for maximum RTP emission from 
caffeine and theophylline were between 480 and 500 
nm for all heavy-atom systems except the potassium 
iodide system, which produced maximum RTP 
emission at approximately 435 nm for both analytes. 

The RTP emission spectra of caffeine and theo- 
phylline did not vary significantly with type of sub- 
strate. However, the amount of sodium hydroxide 
present had a significant effect on the RTP signals for 
both caffeine and theophylline on both the Whatman 
No. 1 and DE-81 filter paper substrates. Figure 2 
demonstrates the effect of different sodium hydroxide 
concentrations on the phosphorescence intensity of 
caffeine on Whatman No. 1 and DE-81 papers and 
Fig. 3 does the same for theophylline. Caffeine or 
theophylline was spotted onto substrates previously 
treated with sodium hydroxide and potassium iodide 
and caffeine solutions containing various concen- 
trations of sodium hydroxide were also spotted onto 
substrates pretreated with potassium iodide. The 
phosphorescence signals for both caffeine and theo- 
phylline became constant at sodium hydroxide 
concentrations above -0.5M. With decrease in the 
sodium hydroxide concentration, the phosphores- 
cence intensity of both caffeine and theophylline 
tended to increase except in the case of Whatman 
DE-8 1 pretreated with sodium hydroxide. It is appar- 
ent that it is not possible to quench totally the 
phosphorescence of either theophylline or caffeine 
under any of the conditions studied in obtaining the 
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Fig. 2. Relative RTP emission intensities of 2 ~1 of 10 
ppm caffeine on Wbatman No. 1 and DE-81 with varying 
NaOH con~ntrations. (a) ~atman DE-81 pretreated 
with 3 pl of NaOH, 3 ~1 of 1M KI. (b) Whatman 
No. 1 pretreated with 3 pi of N&H, 3 pl of 1M KI. 
(c) Whatman DE-81 pretreated with 3 ~1 of 1M KI, analyte 
prepared in NaOH solution. (d) Whatman No. 1 pretreated 
with 3 ~1 of 1M KI, analyte prepared in NaOH solution. 
Excitation and emission wavelengths 275 and 440 nm, 

respectively. 

0 ,IIII,r,, 

0.0 0.b 
lll,ll,,l,l,,.lll,l,ll,,,,lll 

1.0 1.5 nh 
Na0i-l Concentration (M) 

Fig. 3. Relative RIP emission intensities of 2 ~1 of 
10 ppm theophylline on ~atman No. 1 and DE-81 with 
varying NaOH concentrations. (a) Whatman DE81 pre- 
treated with 3 ~1 of NaOH, 3 ~1 of 1M KI. (b) Whatman 
No. I pretreated with 3 pl NaOH, 3 pl of 1M KI. 
(c) Whatman DE-81 pretreated with 3 ~1 of 1M RI, analyte 
prepared in NaOH solution. (d) Mayan No. 1 pretreated 
with 3 yl of 1M KI, analyte prepared in NaOH solution. 
Excitation and emission wavelengths 275 and 490 nm, 

respectively. 

PH 

Fig. 4. Influence of pH on extraction of caffeine from 
mixtures with theophylline. Whatman No. 1 filter paper 
treated with 3 ~1 of l&f KI. Excitation and emission 

wavelengths are 275 and 440 nm, respectively. 

results in Figs. 2 and 3. Whatman No. 1 paper and 
O.iM sodium hydroxide were used for all further 
work. It should be noted again that the phosphores- 
cence intensity from the mixture of caffeine and 
theophylline was always less than the sum of the 
phosphorescence intensities of each analyte alone, 
under the same conditions. It was assumed that 
interactions between caffeine and theophylline 
quenched the phosphorescence intensity of the indi- 
vidual constituents; therefore an efficient separation 
procedure was necessary for their determination by 
RTP. Since the net RTP intensity of theophylhne is 
only a quarter of that for the same concentration of 
caffeine (Fig. l), the effect of sodium hydroxide 
~on~ntration and filter paper substrate on the net 
emission intensity was more important for determin- 
ation of theophylline than of caffeine. In general, 
Whatman No. 1 paper pretreated with O.lM sodium 
hydroxide and l&i potassium hydroxide was con- 
sidered to produce the most favourable results. 
Therefore, these conditions were used for the 
measurement of caffeine and theophylline after 
extraction. In addition, the lower cost and wider 
availability of Whatman No. 1, compared to DE-81, 
made it-a better choice for the analysis. 

The extraction procedure used successfully separ- 
ated caffeine and theophyiIine. Figure 4 shows the 

Table I. Determination of caffeine and theophylline in mixtures 

Caffeine* ~eophylline* 

Added, Found,? Recovery, RSD, Added, Found,t Recovery, RSD, 
Mixture lrglmf &ml % % lrglmf ccglml % % 

1 5.0 4.9 f 0.3 5.3 25.0 23.6 jz 1.1 94 3.6 

: 10.0 15.0 15.2 10.4 * f 0.4 0.4 1; 3.0 20.0 150 18.8 15.4 k & 0.8 0.5 103 94 4.4 3.1 
4 25.0 23.9 f 0.9 ‘ii’ ::: 10.0 10.3 f 0.2 103 3.1 
5 25.0 - - 5.0 5.1 *0.1 102 1.5 

*All determinations were performed 5 times. Excitation wavelength 275 nm for caffeine, 275 nm for theophylline. Emission 
wavelength 440 nm for caffeine, 490 nm for ~eophyllinc. Linearity of log-log calibration graphs, 1 .OO f 0.01 in both 
cases. 

tConfidence (90%) interval. 
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effect of pH on the recovery of caffeine in the chloroform and the two phases can then be directly 
chloroform phase. The recovery is 99-100% if the pH analysed by RTP with potassium iodide as heavy- 
is adjusted to 9.0, and c 1% of the theophylline is atom compound. Either Whatman No. 1 or DE-81 
extracted. This extraction procedure was used in the filter paper can be used as substrate, the first being 
determination of caffeine and theophylline in several preferred on grounds of cheapness and sensitivity 
mixtures. The results, given in Table 1, are very under selected conditions. 
satisfactory. 

CONCLUSIONS 1. 

Because caffeine and theophylline have RTP 2. 
emissions that are nearly identical and not amenable 3. 
to resolution by simple changes in conditions, a 
preliminary physical separation is required for their 4’ 
determination by RTP. Caffeine can be separated 5. 
from theophylline by extraction at pH 9.0 with 
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SHORT COMMUNICATIONS 
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BIS-ETHYLENEDITH~OCARBAMATE (ZINEB) 
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Summary-A s~~trophotometric method has been developed for the dete~nation of zineb by converting 
it into a molybdenum ethylen~ithi~r~mate complex, which is then extracted into isobutyl methyl 
ketone and measured at 670 nm against a reagent blank. Beer’s law is obeyed over the zineb concentration 
range 2-40 fig/ml in the extract. The method is sensitive and can be used for determination of zineb in 
the presence of ziram, thiram or ferbam. 

Dithiocarbamates have many uses: they are widely 
used as pesticides, especially in the form of their metal 
complexes, and are applied in the rubber industry as 
vulcanization accelerators and anti-oxidants. Most 
of the methods for their determination are based on 
the Clarke method’ (in which di~io~rbamate is 
destroyed in acidic solution to give carbon disulphide, 
which is absorbed in methanolic potassium hydroxide 
solution to form potassium methyl xanthate which 
is then titrated iodimetrically). Zineb pesticides 
residues, however, have been determinedz-10 by 
sp~trophotomet~c measurement of the carbon 
disulphide released. Petrascu” has modified the 
Viles-Clarke-Lowen method. Hall2 has reported on 
a collaborative study of dete~ination of zineb by 
modified versions of the methods of Clarke et al.’ and 
Rosenthal et al.’ Zineb has also been determinedI by 
reaction with cupric acetate in hydrochloric acid, and 
in vegetable foodstuffs by high-~rfo~an~ liquid 
chromatography. I3 Most of these methods are in- 
direct and time-consuming. Here we present a simple, 
direct and rapid s~ctrophotomet~c method for its 
determination by conversion into a molybdenum 
~thi~arbamate complex. 

EXPERIMENTAL 

A Spectronic 20 spectrophotometer was used for 
absorbance measurements. 

Pure zineb was prepared by adding a solution of zinc 
sulphate to a sohttion of disodium ethylene bis-dithiocarba- 
mate. The precipitate was filtered off, washed and dried over 
silica gel. The purity of the compound was checked by 
elemental analysis and by determining its zinc content by 
EDTA titration, with Eriochrome Black T as indicator,” 
after d~mpo~tion with nitric acid. A 1% solution of the 
zineb was prepared in 0.5&f’ sodium hydroxide standard- 
izedt4 and further diluted with distilled water as required. 

A 2% solution of sodium molybdate in distilled ‘water was 
prepared. Stock solutions of other elements were prepared 
by dissolving suitable salts in water. Simulated samples were 
prepared by mixing solutions of the elements to give the 
required composition. 

Procedure 

To a known vohune ( <2 ml) of sample containing up to 
80 pg of zineb add OS-I.0 ml of 2M sulphuric acid and I 
ml of 2% sodium molybdate solution, dilute to about 5 ml 
with distilled water, boil the solution for 5-7 min, cool, and 
dilute to about 5 ml with distilled water. Transfer the 
solution to a separatory funnel and shake it with exactly 5 
ml of isobutyl methyl ketone for 1 min. Transfer the organic 
phase into a dry tube containing anhydrous calcium 
chloride. Extract the aqueous phase with another 5 ml of 
isobutyl methyl ketone; if this extract is colourless measure 
the absorbance of the first extract at 670 nm against a 
reagent blank. Otherwise combine the two extracts and 
measure the absorbance. 

RESULTS AND DISUNION 

The absorption spectrum of the molybdenum 
ditho~rbamate complex in isobutyl methyl ketone 
was recorded against a reagent blank. The complex 
absorbs strongly at 670 nm. The absorbance of the 
extract is maximal. Sulphuric acid con~ntration in 
the aqueous phase is 0.2-0.4&i and l&2.0 ml of 2% 
sodium molybdate solution is used. It remains con- 
stant when the solution is boiled for 5-7 min. The 
complex is not extractable into benzene, chloroform, 
carbon tetrachloride, toluene or hexane, but is ex- 
tracted by n-butyl acetate, amyl acetate, diethyl ether, 
butan-Zone, ethyl acetate, isobutyl alcohol and 
isobutyl methyl ketone. Maximum absorbance was 
observed with isobutyl methyl ketone and hence this 
was selected for use in the method. The absorbance 
of the complex remained practically constant for 
30 min. 
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Interferences 

Of the anions examined, bromide (lo), acetate (Z), 
citrate (I), tartrate (I), chloride (0.2), oxalate (0.2), 
nitrate (0.2) could be tolerated in the amounts (mg) 
shown in parentheses, in determination of 80 pg 
of zineb. EDTA and orthophosphate interfered 
strongly. Of the metal ions examined, Pb(II) (0.408), 
Zn(I1) (0.066), Tl(1) (0.024), Bi(II1) (0.020), Cd(H) 
(0.021) could be tolerated. Cu(I1) interfered strongly. 

Interference by some of common pesticides, such as 
ziram, ferbam, thiram, nabam, vapam and maneb, 
pesticides was studied. Ziram, thiram and ferbam 
form a yellow complex with sodium molybdate in 
presence of sulphu~c acid in the cold (;C,,, 420 nm), 
and zineb forms a blue complex on boiling (a,,,,, 670 
nm). In the amounts (mg) shown in paraenthesis, 
thiram (5), ziram (1) and ferbam (2) did not interfere 
in the dete~ination of zineb (100 pg), in 5 ml of final 
solution. 

Nabam (disodium bisethylene dithiocarbamate) 
and vapam (sodium monomethyl dithiocarbamate), 
if present with zineb, can easily be separated by 
extraction of the zineb with acetonitrile; nabam and 
vapam will remain in the aqueous phase. Maneb 
(manganese bisethylene dithiocarbamate), if present 
with zineb, interferes -strongly. 

Determination of zineb and ziram (zinc dimethyldithio- 
carbamate) 

Mixtures of zineb and ziram in various proportions 
were prepared. By taking advantage of the colour 
of the molybdenum-zineb (blue) and molybdenum- 
ziram (yellow) complexes, it is possible to determine 
zineb and ziram with the same sample. The mixture 
is dissolved in O&V sodium hydroxide, then appro- 
priate volumes of sulphuric acid and 2% sodium 
molybdate solution are added; the yellow ziram 
complex formed in the cold is extracted into isobutyl 
methyl ketone, whereas the blue zineb complex is 
not. The aqueous phase is then boiled for 5-7 min, 
and after cooling the blue complex is extracted with 
isobutyl methyl ketone. The absorbances of the 
extracts were measured at 420 nm for the ziram 
complex and 670 nm for the zineb complex. 

Analogous determinations of zineb and thiram 
(tetramethylthiuram disulphide) and zineb and 

possible. 

Advantages of the method 

Hall* has reported on a collaborative study of 
modified versions of the methods of Clarke et al.’ and 
Rosenthal et a!.’ Results for zineb by both methods 
were inconsistent. The sensitivity of the present 
method is better than that of the Lowen,” Culleni5 
and Chmieln methods. According to Lowen, a mini- 
mum of 10 fig of evolved CS, can be determined, and 
according to the others, a minimum of 20 pg. In the 
present method, however, a minimum of 10 pg of 
zineb (equivalent to 5.5 pg of CS,) can be deter- 
mined. Moreover, the present method is direct, 
simple, rapid, selective and inexpensive. Sequential 
determination of zineb and ziram, zineb and thiram, 
and zineb and ferbam is also possible. 

The applicability of the method was tested by 
analysis of a variety of mixtures containing up to 200 
pg of zineb in the aliquot taken. The method is 
selective for dete~nation of zineb in the presence of 
ziram, ferbam, thiram, nabam and vapam, and takes 
less than 15 min for zineb determination after prep- 
aration of the sample solution. It is one of the most 
sensitive methods available for zineb dete~nation 
and could be used in the analysis of commercial 
samples. Table 1 shows typical results for four dilu- 
tions of a stock solution prepared from “Dithane 
Z-78”, a commercial fo~ulation ~ntaining 75% 
zineb and 25% inert carrier, and for a reference 
standard made with the pure zineb prepared. Results 
obtained by the method of Clarke et al.’ are also 
shown. 

I. 

2. 
3. 

4. 

5. 
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Sudan-The a~um~ation behaviour and stripping voltammetry of silver(I) was investigated with a 
carbon-paste electrode moditled with a thiacrown compound. Silver could be accumulated at the electrode 
in the absence of an applied potential by immersing the electrode in a solution of sodium perchlorate 
containing silver(I), then reduced at constant potential in O.lM acetate buffer solution. Finally a 
well-defined stripping peak could be obtained by scanning the potential in a positive direction. The 
calibration curve for silver was linear over the range 0.5-2.5 PM with accumulation for 5 min. Studies 
of the effect of other metal ions showed that the silver was selectively accumulated at the electrode. 

Stripping voltammetry, a very sensitive method for 
the dete~ination of many trace metal ions, achieves 
its low levels of detection by combining an accumula- 
tion process with a voltage-scanning measurement 
procedure. However, its application to practical 
samples is limited by the interferences arising from 
the sample matrix. The formation of intermetallic 
compounds at the electrode surface during electroly- 
sis in the accumulation process, and the overlap of 
stripping peaks which have close peak potentials, 
can cause significant interferences.’ Many attempts 
have been made to solve these problems.’ We have 
reported on the use of kinetic currents produced by 
a specific reaction with the analyte accumulated at the 
electrode, to enhance the selectivity and the sensitiv- 
ity.2.3 However, a more complete solution to these 
problems may be found in the selective accumulation 
of the analyte at the electrode. Recently, chemically 
modified electrodes (CME) have been used to accu- 
mulate analytes selectively and to protect them from 
interference by other ions.4x5 Chemically modified 
carbon-paste electrodes (CMCPE) consisting of a 
mixture of carbon paste and modifying reagent have 
been widely used, since they can be prepared easily 
and have a stable electrode response.G8 

In this paper, we describe the accumulation 
behaviour and stripping voltammetry of silver with 
a carbon-paste electrode modified with thiacrown 
compounds. Thiacrown compounds have strong 
affinity for soft (Class b) metal ions such as silver(I), 
copper(I) and mer~u~(II), the extraction behaviour 
of which has been reported by Sekido et aL9-‘0 Since 
these compounds are not soluble in water, they are 
suitable as electrode-modifying reagents. The accu- 
mulation of silver and its voltammetric behaviour at 
a CMCPE modified with a thiacrown compound has 
been investigated. From studies of the effects of other 
metal ions on the determination of silver, it was 
contirmed that many metal ions do not interfere, 

because the accumulation process is selective for 
silver. 

EXPERIMENTAL 

Apparatus 

A PAR 174A ~laro~ap~c analyser was used for the 
voltammetric measurements with an Omnigraphic model 
2OOOH X-Y recorder (Houston Instrument Co.) for record- 
ing the voltamperograms. The counter-electrode was a 
glassy-carbon rod. A saturated calomel electrode with a 
diaphragm tube containing IM potassium nitrate to avoid 
precipitation of silver chloride was used as the reference 
electrode. 

Preparation of the CMCPE. Mix 0.1 g of pure graphite 
powder and 0.05 g of thiacrown compound in a mortar with 
a pestle, then add 0.06 ml of liquid paraffin and mix well into 
a paste. Fill a glass tube with the paste and smooth the 
surface with the end of a spatula. Make the electrical 
connection with some mercury and a copper wire. The area 
of the active surface of the electrode used was 0.64 cm’. 

Reagents 

1.4.8.1 I-Tetrathiacvclotetradecane (TTCT), 1,4,7,10- 
tdtrathiacyclododecane (TTCD) and 1,5,9,13-tetrathiacyclo- 
hexadecane (TTCH) were aurchased from Aldrich Co. The 
10-2M stock solution of %lver was prepared from silver 
nitrate (Wake pure Chemical Industry Co.). Other reagents 
were of analytical reagent grade. 

Procedure 

The stripping voltammetric procedure consists of three 
step~a~um~ation, reduction and stripping. 

Accumulation step. Immerse the CMCPE in 0.1 M sodium 
perchlorate containing the silver(I) and stir, for a constant 
time, then take out the electrode and wash it with water. 

Reduction step. Transfer the electrode into deaerated 
O.lM acetate buffer @II 4.5) and reduce the accumulated 
silver at constant potential without stirring. 

Stripping step. Scan the potential in a positive direction 
and record the oxidation current as the silver is stripped. 

RESULTS AND DISCUSSION 

Cyclic voltamperograms obtained by use of a 
CMCPE modified with TTCT showed stable and low 
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Fig. 1. Cyclic voltamperograms obtained with a carbon- 
paste electrode modified with TTCT: (a) in O.lM acetate 
buffer (pH 4.5); (b) in O.lM acetate buffer (PH 4.5) after 
a~~uiation for 1 min from 50&M Ag(1) in 0. IM sodium 

perchiorate. Scan-rate 50 mV/sec. 

residual currents over a wide potential range (from 
+ 1.0 to - 1.0 V us. SCE) in O.lM acetate buffer at 
pH 4.5, as shown in Fig. l(a). These voltampero- 
grams are no different from those obtained with an 
unmodified carbon-paste electrode in the same solu- 
tion. Figure l(b) shows the voltamperogram obtained 
with a CMCPE immersed for 1 min in 0.1M sodium 
perchlorate containing 50@l4 silver(I) and then 
washed with water, before transfer to O.lM acetate 
buffer. The cathodic wave at about -0.6 V is the 
reduction current for silver(I) accumulated in the 
CMCPE. Its peak is at a more negative potential 
than that obtained with an unmodified CPE, because 
of formation of the silver(I)-TTCT complex. The 
anodic wave at about +0.3 V is due to oxidation of 
the silver metal, and is found with both modified and 
unmodified carbon paste electrodes. It was confirmed 
that silver(I) could be accumulated in the CMCPE 
in the absence of an applied potential. Since the 
anodic wave at about +0.3 V is sharp enough to be 
used for the determination of silver, the procedure 
including reduction of the accumulated silver(I) is 
r~mmend~. Figure 2 shows the voltam~rogram 
obtained by use of reduction at -0.2 V for 1 min 
in O.lM acetate buffer (pH 4.5) after accumulation 
for 1 min, for lO@M Ag(1). The stripping peak is 
very sharp and the peak current increases with the 
accumulation time. The time required for complete 
reduction of the silver(I) accumulated at the CMCPE 
depends on the amount of silver(I), but l-2 min is 
sufficient at low concentrations. Silver(I) accumu- 
lated at the CMCPE can be reduced quantitatively at 
potentials more negative than -0.2 V. 

0 
(Cl1 

I I I I I I 1 
-0.2 0.0 0.4 0.0 

E,Vvs. SCE 

Fig. 2. Stripping voltam~rogram of silver, obtained with 
a CMCPE. Reduction for 1 min at -0.2 V in O.lM 
acetate buffer solution after accumulation for 1 min from 
O.lM sodium perchlorate containing (a) 0, (b) 1OpcM Ag(I). 

Scan-rate 50 mV/sec. 

The effect of the amount of TTCT on the accumu- 
lation of silver(I) was investigated by altering the 
weight ratio of TACT to graphite powder. The peak 
current increased with increasing amount of ‘ITCT 
up to 10% and then remained constant. A CMCPE 
with 33% TTCT (0.05 g of TTCT and 0.1 g of 
graphite powder) was used for most of this work. 
When 1,5,9,13-tetrathiacyclohexadecane, which 
has four sulphur atoms and a 16-membered ring, 
was used instead of TTCT, silver(I) could again be 
accumulated in the CMCPE, but a more negative 
potential (- 0.4 V) was required to reduce the silver 
because of the greater stability of the complex with 
this ligand. When 1,4,7, IO-tetrathiacyclododecane 
was used, which has four sulphur atoms and a 
1Zmembered ring, silver(I) was not agitated 
since the thiacrown ring is too small to form a stable 
silver complex. 

It proved possible to accumulate silver(I) at the 
CMCPE from sodium perchlorate solution but not 
from an acetate buffer. The peak current increased 
with perchlorate concentration up to 0.05M and then 
remained constant. This indicates that the accumula- 
tion of silver(I) is based on the formation of an 
ion-pair between the silver-TTCT complex on the 
CMCPE and perchlorate ions in the solution. When 
picrate, dodecyl sulphate or Thymol Blue was added 
as an anionic counter-ion, the well-defined stripping 
wave for silver could not be obtained. 

The calibration curve for silver was linear from 2.5 
to 20pM with a correlation coefficient of 0.982, with 
accumulation for 1 min. To detect silver at lower 
con~trations, a longer a~umulation time and a 
higher perchlorate concentration were necessary. The 
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Table 1. Effect of other metal ions* 

Metal ion 
Metal/Ag(I) Relative 

ratio sianalt 

Co(H) 10 
100 

Ni(I1) 10 
100 

Cd(I1) 10 
100 

Cu(I1) 1 
10 

100 

Pd(I1) 

10 
100 

1 
10 

101 
103 
108 
105 
105 
96 

103 
102 
90 
93 
57 
55 

102 
35 

100 4 

*Accumulation for 1 min in O.lM sodium 
perchlorate containing 1OpM Ag(1). 

tRelative to signal (taken as 100) in absence 
of the other ions. 

calibration curve after accumulation for 5 min from 
1M sodium perchlorate was linear from 0.5 to 2.5ptM 
with a correlation coefficient of 0.984. The reproduci- 
bility of the peak current after accumulation for’ 1 
min from 10pM silver(I) was 1.2% for 5 runs at the 
same electrode surface and 3.1% at new surfaces (i.e., 
the surface carbon paste was removed by wiping with 
tissue paper and new paste was added for each 
measurement). 

The effects of other metal ions are shown in 
Table 1. Co(II), Ni(II), Cd(I1) and Cu(I1) did not 

interfere. In the stripping voltammetry with electro- 
lysis at -0.2 V at an unmodified CPE, copper(I1) 
interfered seriously because the stripping peaks 
for silver and copper overlap. However, with the 
CMCPE, the presence of 100 times as much copper 
as silver showed no interference. Mercury(I1) and 
palladium(I1) interfered seriously, possibly because of 
the formation of complexes between the TTCT in the 
CMCPE and these metal ions. However, stripping 
waves for these metal ions could not be observed. 
These results agree with the extraction behaviour 
reported by Sekido et aL9 It was confirmed that 
silver(I) could be selectively accumulated at the 
CMCPE in the absence of an applied potential and 
easily determined by stripping voltammetry. 

2. 

3. 
4. 
5. 

6. 

8. 

9. 

10. 
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Summary-A method has been developed for the synergic extraction and spectrophotometric deter- 
mination of Ti(IV) with ~-hydroxy-~~-diphenyl~~midine and thiocyanate. The yeMow ternary 
complex, extracted into chloroform from dilute sulphuric acid medium (PH = I .5 + O.l), has maximum 
absorbance at 390 nm (molar absorptivity 1.3 x lo4 1, mole-’ . cm-‘). The method is free from interference 
from a large number of foreign ions and is recommended for the determination of titanium in steel. 

There are many methods for spectrophotometric 
determination of titanium, including several based on 
ternary complexes. The general principles of use of 
ternary complexes in analytical chemistry have been 
given by Babko.’ The ternary systems used for tita- 
nium determination include those based on N-acetyl- 
salicyloyl-N-phenylhydroxylamine and thiocyanate,2 
morin and aniline,-’ tiron and ~phenylguanidine,4 
tiron and nitrilotriacetic acid,s tiron and EDTA,” 
diantipyrylmethane and trihydroxyflurone,’ dianti- 
py~lmethane and chromotropi~ acid,* di~tipyryl- 
methane and thiazolylazocatechol,9 pyrocatechol 
and aniline,‘O 4-(2-pyridylazo)resorcinol and salicylic 
acid,” tetrabrom~t~hol and antipyrine,12 N- 
phenylfuroylhydroxamic acid and phenylfluorone,13 
disulphophenylfluorone and cetylpyridinium bro- 
mide,14 ~nzohydroxamic acid and pyrocatechol,” 
gallic acid and ~-methylaminothiofo~yl-~-phenyl- 
hydroxylamine,16 salicylhydroxamic acid and tributyl 
phosphate,” thiazoiylazocatechol and diphenyl- 
guanidine, I8 Bromopyrogallol Red and nitrilotri- 
acetic acid,” pyrocatechol derivatives and some azo 
dyes,20 Chrome Azurol S and cetyltrimethylammo- 
nium bromide,” salicylfluorone and cetyltrimethyl- 
ammonium bromide,22 hydrogen peroxide and 2- 
(5-bromo-2-pyridylazo)-5-dietbylaminopheno123 and 
~-hydroxyhydroquinonephthalein and Tween 20.24 
In the present method, which utilizes the formation 
of a ternary complex of titanium(IV) with N- 
hydroxy-N,~-diphenyl~n~midine (HDPBA) and 
thiocyanate, there is less interference from associated 
foreign ions and that from many ions can be avoided 
by first extracting the titanic-HDPBA complex and 
then treating it with thiocyanate. Of the various 
solvents tested, chloroform is found to be the best. 

Reagents 

EXPERIMENTAL 

All reagents used were analytical grade chemicals unless 
stated otherwise. Chloroform was purified according to 

*Author for correspondence. 

Vogel?’ HDPBA was prepared and purified according to 
the literature. The reagent solution (4 x IO-)M) was pre- 
pared in chloroform, and when kept in amber coloured 
bottles remained stable for more than a month. Ammonium 
thiocyanate solution (0.M in O.lM sulphuric acid) was 
prepared on the day of use. The standard titanium solution 
(I mg/mI) was prepared by boiling potassium titanyl oxalate 
(0.92 g) with ammonium sulphate (210 g) and concentrated 
sulphuric acid (25ml) gently for 10 min, cooling, and 
diluting accurately to 250 ml; the solution was standardized 
gravimetrically with cupferron.2’ Solutions of lower concen- 
tration were prepared by dilution as required. 

Procedure 
A portion of solution containing lO-1OO~g of titanium 

was adjusted to pH 1.5 with 1M sulphuric or hydrochloric 
acid and 2M sodium hydroxide, transferred into a 125-ml 
separatory funnel and shaken for 2 min with 5 ml of the 
reagent solution. The organic layer was transferred to a 
second separatory funnel, and the aqueous phase was 
extracted with another 5-ml portion of reagent solution. The 
organic layer was combined with the first in the second 
separatory funnel, and this phase was shaken with 10 ml of 
the thiocyanate solution for 2 min. The organic layer was 
then separated, dried with anhydrous sodium sulphate and 
made up to volume with chloroform in a 50-ml standard 
flask. A reagent blank was prepared in the same manner, 
without the titanium solution. The absorbance of the tita- 
nium extract was measured against the reagent blank. 

RESULTS AND DISCUSSION 

The ternary complex has maximum absorbance at 
390 nm, where the reagent blank has only very small 
absorbance. The binary titanium-HDPBA complex 
also has its absorption maximum at 390 nm, but the 
addition of thi~yanate increases the abso~tivity by 
a factor of 3.5, indicating formation of a ternary 
complex. The absorption spectra are shown in Fig. 1, 

Reaction conditions 

The reaction is pH-sensitive and the absorbance is 
maximal at pH 1.5 f 0.1 (Fig. 2). 

A 25fold molar ratio of HDPBA and IOO-fold 
molar ratio of thiocyanate to titanium are necessary 
for maximum colour development. The specified or- 
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Table 1. Tolerance limits for various ions 

I 

360 330 400 4x1 440 460 430 

Wavelength hml 

Fig. 1. Absorption spectra: A, Ti-HDPBA-SCN-; B, 
Ti-HDPBA; C, reagent blank. 

der of addition of the reagents should be followed, to 
avoid many interferences. 

The coIour development is almost instantaneous 
and the absorbance remains constant for at least 4 hr, 
then steadily decreases. 

The system obeys Beer’s law over the titanium 
range @-28pg/ml. The optimum range (Ringbom 
plota) is IX!-Z.O@g/ml. The molar absorptivity is 
1.3 x 104 l.mole-’ .cm-I. The standard deviation of 
the absorbance for 2 pg/ml titanium was 0.004 (10 
replicates, rsd 0.7%). The detection limit is 0.025 

pglml. 
The composition of the complex was determined 

by the molar-ratio methodm and slope ratio method,3’ 
and found to be Ti(HDPBA)2 SCN. Presumably (for 
hydr~hlo~c acid medium) the reaction sequence is 

TiOCl, + 2HA 5 [TiOClAJ- + 2H+ + 2Cl- 

[TiOCl AJ - + SCN- z FiOA, SCNI - H + + Cl - 

0.8 - 

‘1. 
\ 

I I I I I I 
1.1 3.3 1.3 1.7 I.0 2.3 

PH 

Tolerance 
limits, 

Ions ppm 

Fe(H), Ni(II), (XII), Cr(II), Mn(II), Fe(III),* 
Cl-. Br- AM 

Zn(II): Ca(II), Mg(II), A&III), MofVI), 
WG’I), Ba(II),t Sr(II),t P&II) 

Cd(II), Hg(II) 
Th(IV), Zr(IV), U(VI), Bi(II1) 
Ce(IV), Nb(V), Ta(V) 
OxaIate, sulphate, acetate 

.“” 

:: 
150 
100 

1000 

*Reduced to Fe(I1) with ascorbic acid. 
tMasked by precipitation with sulphate. 

where HA represents HDPBA. Tests showed that 
neither sodium nor potassium was present in the 
organic phase, so it is assumed that the counter-ion 
is a proton. 

Effect of diverse ions 

Various ions were examined for their effect on the 
dete~ination of 2 ppm Ti(IV). The tolerance limit 
was taken as the concentration of foreign ion in the 
final solution that would cause a lt2% error in the 
absorbance for titanium. Of the various ions studied, 
Cu(II), V(V), EDTA, NO;, I- and F- interfered 
seriously. Copper can be masked with thiourea. The 
tolerance limits for various other ions are given in 
Table 1. 

~eiermination of tit~iam in various samples 

Since we had no steel samples containing titanium 
at hand, several recovery experiments were per- 
formed by adding known amounts of titanium to 
aliquots of solutions of steel samples. 

Some standard samples were also analysed. They 
were dissolved by heating with hydrofluoric acid and 
the solutions were evaporated to dryness, and let 

Table 2. Determination of titanium in various samples 

Sample 

Steel I* 
Steel II* 
Steel III* 
stee1 IV’ 
steel v* 
BCS 243 Ferrotitanium 
BCS 236 Cast iron 
BCS 182 Silicon-aluminium alloy 

Titanium content, % 

Added or 
certified 

0.65 
0.91 
0.78 
1.17 
1.04 

40.0 
0.102 
0.210 

0.63 
0.94 
0.75 
1.15 
1.08 

39.85t 
O.lOI? 
0.215i 

*Composition, %: 

Si Mn P S W MO 

I 0.12 0.41 0.024 0.029 - - 
::I 0.12 0.11 0.38 1.40 0.024 0.02 0.029 0.027 7.41 - - - 

IV 0.18 0.388 0.032 0.04 0.415 6.25 
V 0.106 0.365 0.21 0.034 7.01 5.26 

tMean of six determinations. Fig. 2. Effect of pH on absorbance values. 
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stand on a steam-bath for about 1 hr until acid fumes 12. A. I. Busev and N. G. Solove’va, Zh. An&f. Khim., 

were no longer evolved. The residue was heated with 1972, 27, 1100. 

10 ml of concentrated sulphuric acid, then cooled, 13. A. T. Piliuenko. E. A. Shnak and M. V. Eremenko. 

and diluted to 500 ml with-a 4% solution of ammo- I4. 
nium oxalate. To ensure the removal of hydrofluoric 
acid was complete, a small portion of the solution IS. 

was tested for fluoride. An aliquot was then taken 
and the titanium content determined as described 

16. 

above. Any iron(III) was reduced to iron(I1) with 17. 
ascorbic acid, and copper, if present, was masked 
with thiourea. The results are given in Table 2. 18. 

19. 

ibid., 1975: 30, 1535. _ 
V. V. Belousova and R. K Cheranova, Zavodsk. Lab., 
1978, 44, 658. 
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Smmq-The methods for direct titration of thiols with ~-h~~rylsulphonamid~ have been evaluated 
by studying the oxidation of 2-mercaptobenzoic acid, 2-mercaptopropionic acid, 3-mercaptopropionic 
acid, 2-naphthyl mercaptan, 2-mercaptoethanol, mercaptosuccinic acid, thiophenol, p-chlorothiophenol, 
butyl mercaptan and monothioglycerol, with chloramine-T (CAT), bromamine-T (BAT) and bromamine- 
B (BAB). The optimum conditions have been established. The precision was found to be poorer for 
titrations with CAT. BAB was found to give better precision and accuracy for the dete~ination of all 
ten thiofs studied, and is recommended for use. 

The N-haloarylsulphonamides have been used for 
oxidative titmtion of a wide range of compounds, 
such as thiols, amino-acids and other sulphur- and 
nitrogen-containing compounds. Although sodium 
N-rhlorotoluenesulphonamide (CAT) and N-chloro- 
~l~~nes~phonamide (CAB) have thus been used 
for many years, the bromine analogues, sodium 
N-bromotoluenesulphonamide (BAT) and N-bromo- 
benzenesulphonamide (BAB) are only recent addi- 
tions and comparatively little work has been done 
with them. 

Thioglycollic acid in solution has been assayed 
with CAT by Mahadevappa,’ and Srivastava and 
Bose2 estimated thiols and xanthates with the reagent, 
but found that 3-mercaptopropionic acid, mercapto- 
succinic acid, 2-mercaptobenzoic acid and cysteine 
could not be determined. Paul et aL3 have also 
employed CAT for assaying thiols, but found that 
2-mercaptobenzoic acid, 3-mercaptopropionic acid 
and thiomalic acid could not be oxidized quantita- 
tively by direct titration. 

In some preliminary experiments on oxidation of 
thiols with CAT, it was noticed that the amount of 
potassium iodide and the sulphuric acid concen- 
tration influence the course of titration. Hence it 
was decided to make a definitive investigation of the 
estimation of thiols with organic sulphonyl halo- 
amines. 

Reagents 

EXPERlMENTAL 

Analytical grade 2-mercaptobenzoic acid (t-MBA), 
mercaptosuccinic acid (MSA), 2-naphthyl mercaptan 

*Reader in Chemistry, Maharani’s Science College for 
Women, Mysore-570001, India. 

(2-NM), 3-mercaptopropionic acid (3-MPA), 2-mercapto- 
ethanol (2-ME), 2-m~~ptopropioni~ acid (2-MPA), butyl 
mercaptan (BM), thiophenol (TP), p-~hlorothiophenol 
(PCTP), and monotliioglycerol (MTG), were assayed for 
thiol content iodimetrically.4 Triply distilled water was used 
in all experiments. All other reagents were of analytical 
grade. 

Stock solutions (_ 2 mgjml) were prepared by dissolving 
the water-soluble thiols in water and the others in the 
minimum of methanol needed, followed by dilution to 
the desired volume with water. Analytical grade CAT 
was further purified by recrystallization from water after 
removal of any dichloro-derivative with carbon tetrachlor- 
ide. Stock solutions (-O.lOM) were prepared, standardized 
iodometrically and stored in dark-coloured bottles. For 
direct titrations, O.OlM CAT was prepared from the stock 
solution by dilution. 

BAT was prepared by the method of Nair et a1.5 and BAB 
by the method of Ahmed and Mahadevappa.6 The purity of 
these compounds was checked by iodometric titration and 
FT-NMR ‘H and ‘“C spectrometry. 

Known amounts of sulphuric acid and potassium iodide 
were added to an aliquot of thiol solution in a 250-ml iodine 
flask and the solution was titrated with O.OIM CAT, BAT 
or BAB. From the results, the concentration of the acid and 
the amount of iodide required for dete~ination of the 
thiols were determined and are given in Table I. 

Recommended procedure for assay of thiols 

To a suitable amount of thiol (5-20 mg) add the recom- 
mended amounts of potassium iodide and 1M sulphuric acid 
(as given in Table I), and 1 ml of 1% starch solution. Dilute 
to 70 ml and titrate with O.OlM oxidant (CAT/BAT/BAB) 
to the appearance of a permanent pale biue colour.’ _ 

Calculate the weight of thiol (W, md from W = 2 VNM. 
where V is the number of ml‘of tit&t (of molar&y ??j 
required to titrate the thiol (of molecular weight M). 

RESULTS AND DISCUSSION 

The oxidation of the thiol takes place in 2 : 1 molar 
ratio to the oxidant: 
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Table I. Amounts of KI and concentration of H,SO, to be used for stoichiometric oxidation 
of thiols 

Compound 

2-Mercaptobenzoic acid 
2-Mercaptopropionic acid 
3-Mercaptopropionic acid 
2-Naphthyl mercaptan 
2-Mercaptoethanol 
Mercaptosuccinic acid 
Thiophenol 

p-Chlorothiophenol 

Butyl mercaptan 

Concentration of H,SO,, M Amount of KI, g 

CAT BAT BAB CAT BAT BAB 

0.35 0.15 0.15 1.0 2.0 2.5 
0.30 - 0.07 1.5 - 0.5 
0.15 0.20 0.15 1.0 2.0 1.0 
0.07 0.15 PH g 1.0 2.0 2.0 
0.07 0.15 0.15 1.0 2.0 1.0 
0.07 0.15 0.07 0.5 2.0 2.5 
0.1, - Aqueous 1.0 - 2.0 

medium 
- 

- 

0.10 Aqueous - 2.0 2.0 
medium 

0.05 Aqueous - 2.0 0.5 
medium 

Monothioglycerol - - 0.07 - 2.0 1.0 

2R’SH + RNX-Na+ + (R’S), + RNH, + NaX (1) 

where R’SH represents the thiol and RNX the oxi- 
dant (X = Cl or Br). 

Since addition of potassium iodide is a prerequisite 
for the reaction of haloamines with the thiol, iodine 
is formed in situ as an essential intermediate: 

RNX-Na+ + 21- + 2H+ + RNHz + NaX + I,. (2) 

The thiol is then probably oxidized by the iodine, in 
the series of reaction steps: 

R’SH + R’S- + H+ (3) 

2R’S-+Iz+R’S-...I-I...-SR’ (4) 

VI 
Ty] + R’SSR’ + 21- (5) 

The proton NMR spectrum of 2-mercapto- 
ethanol shows a triplet at 6 = 8.5, characteristic of 
the S-H group. This peak is absent from the proton 
NMR spectrum of the reaction product obtained 
with 2-mercaptoethanol and CAT, but this spectrum 
shows peaks corresponding to RNH, (6 CHJ = 2.4, 
6 NH, = 4.95, 6 C,H, = 7.5). The presence of p- 
toluenesulphonamide and benzenesulphonamide 
among the reaction products has been confirmed by 
paper chromatography.‘.* 

The general effect of increasing the acid concentra- 
tion in the range 0.05-0.5M in the reaction mixture 
is to decrease the amount of thiol found (or the 
degree of oxidation of the reductant.) At low acid 
concentration (c 0.1 M) the results are higher. In the 
complete absence of the acid, however, stable end- 
points are not obtained, indicating that the reaction 
is very slow. Oxidation of 2-NMP with BAB was very 
slow even in acid medium, and there was no oxida- 
tion of PCTP at all. However, the oxidation of these 
two thiols was very rapid and quantitative at pH 8 
and hence further oxidations were performed at pH 
8 (citrate-phosphate buffer). With BAT, though the 
oxidation of these two thiol compounds was rapid, it 
was not quantitative and did not improve when pH 

8 buffer was used. With CAT, 2-NMP gave non- 
stoichiometric results and PCTP could not be oxi- 
dized. In general, the effect of the acid concentration 
is more pronounced with BAB and BAT than with 
CAT. 

The general effect of increasing the amount of 
potassium iodide (in the range 0.10-5.00 g) is also to 
decrease the degree of oxidation of the thiol. The 
effect is marked with 2-MBA and MSA, but is almost 

3oo r (A) 

300 

r 
(B) 

I I I I 

0 0.5 1.0 1.5 2.0 

KI added, g 

Fig. 1. Oxidation of 2-MBA by CAT, A, Effect of H2S04 
concentration on oxidation of 2-MBA with (a) 0.10, (b) 0.50 
and (c) 1.00 g of KI added. B, Effect of added KI on 
oxidation of 2-MBA at (a) 0.05, (b) 0.20 and (c) 0.35M 

H,SO, concentration. 
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negligible for 2-NM and PCTP. The effect of the acid 
and potassium iodide concentrations on the oxida- 
tion is illustrated for 2-MBA in Fig. 1. 

Some typical values for the estimation of thiols by 
the three oxidants are given in Table 2. BAB quanti- 
tatively oxidizes all the thiols tested, whereas CAT 
can oxidize only 2-MBA, MSA, 2-MPA, 3-MPA, 
2-NM, 2-ME and TP, and BAT can oxidize all except 
TP. Further, BAB gives a consistently low error 
(< l.O%), whereas both CAT and BAT can give 
inconsistent performance, with large errors (ranging 
from -23 to +lO%). 

In addition, the relative standard deviation’ ob- 
tained in determinations with BAB did not exceed 
0.7%, and BAB is the only one of the three titrants 
that seems to give consistently useful results. 

5. 
6. 

7. 

8. 

9. 
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THE PREPARATION OF n-O~TYLANILINE AND ITS 
APPLICATION IN THE EXTRACTION OF NOBLE METALS 

R. N. GEDYE*, J. Bozrct, P. M. DURBANO and B. WILLLGBON 

Department of Chemistry, Laurentian University, Sudbury, Ontario P3E 2C6, Canada 

(Received 10 June 1988. Revised 8 March 1989. Accepted 24 March 1989) 

Sugar-n-~tylaniline was prepared by nitration of n-octylbenxene followed by reduction with tin and 
hydrochloric acid and also by the high-temperature reaction of aniline with I-octanol in the presence of 
zinc chloride. Little difference was found in the efficiency of extraction of noble metals with the products 
prepared by the two methods. The first method gives better yields of n-octylaniline and the formation of 
emulsions in the extraction is not a serious problem provided that the reagent is distilled before use. The 
para-isomer of n-octylaniline shows a slightly greater tendency than the o&o-isomer to form em~sions 
in noble metal extractions. 

The use of n-octylanifine in the extraction of noble 
metals has been described in a number of papers4 
Poh1andt4 has reported that the effectiveness of n- 
octylaniline in these extractions depends on its 
method of preparation. When the reagent was pre- 
pared from n-octylbenzene by a procedure analogous 
to that of the preparation of aniline from benzene,* 
difficulties were encountered in the extractions, owing 
to the formation of emulsions. A second method of 
preparation involving the reaction of chlorobenzene 
with octanoic acid in the presence of ammonia, 
followed by reduction, was also reported to give a 
product which formed emulsions in noble metal 
extractions. This product was reported to consist of 
the para-isomer with only a trace of the o&o-isomer. 
On the other hand, when the reagent was synthesized 
from aniline and I-octanol in the presence of zinc 
chloride, emulsions were not encountered in the 
extraction, resulting in greater efficiency. 

Although the isomeric (ortho-para) composition 
was reported only in the case of the second method, 
the results of Pohtandt’s investigation suggest that 
emulsion formation could depend on the isomeric 
composition of the n-octylaniline. This possibility 
and the fact that the reagent, although now com- 
mercially available, is very expensive, prompted us to 
investigate the preparation of n-octylaniline in more 
detail and to examine the effect of the isomeric 
composition of the reagent on emulsion formation in 
noble metal extractions. 

Apparatus 

EXPERIMENTAL 

Infrared spectra were recorded on a Beckman Acculab I 
spectrophotometer and NMR spectra with a Varian T-60 

*Author for correspondence. 
tpresent address: INCO Metals Ltd, Copper Cliff, Ontario, 

Canada. 

NMR spectrometer. Gas chromatography (GC) was per- 
formed with a Varian Aerograph 90-P gas chromatograph 
with a thermal conductivity detector and a 10 x 0.25 in. 
stainless-steel column (10% SE-30 on chromosorb W). 
Extraction samples were analysed with a Perkin-Elmer 5000 
atomic-absorption spectrophotometer or a direct current 
plasma (Beckman Spectrospan V), at INCO Ltd, Sudbury, 
Ontario. 

Reagents 

Solutions containing known concentrations of noble 
metals in 10% v/v hydrochloric acid were supplied by INCO 
Ltd. 

Preparation of n -0ctylaniline 

Scheme I. n-~tyl~nzene (63.3 g, 0.33 mole) was added 
dropwise, with stirring, to a mixture of concentrated nitric 
acid (50 g) and sulphuric acid (74 g), with stirring. The 
temperature was maintained at 40-50” by cooling in an 
ice-bath. When all of the n-octylbenxene had been added the 
mixture was kept at 55-60” for 40 min, and after cooling was 
poured into ice-water (300 ml). The product was extracted 
with diethyl ether (three SO-ml portions). The extracts were 
combined, and dried over anhydrous magnesium sulphate 
and the ether was evaporated. Tlte residue was distilled, 
giving a mixture of o- and p-nitro-~tyl~n~ne (61.9 g, 
79% yield), b.p. 156-l 72”/2 mm Hg, as a pale yellow liquid. 
NMR (neat) gave 6 0.49 (d, 3H), 1.00 (S, 12H), 2.25 (t, 2H), 
6.80-7.60 (m, 4H) ppm; infrared (NaCl disc) spectroscopy 
gave bands at 3090, 2960-2850, 1600, 1520, 1450, 1350, 
1100. 820 and neaks. ratio 
42:58. 

740 cm-‘. GC (at 230”) save 2 ,- - 

Concentrated hydrochloric acid (100 ml) was added, 15 
ml at a time, to a mixture of o- and p-nitro-octylbenzene (39 
g, 0.17 mole) and tin metal (4.5 g, 0.33 mole) with constant 
shaking, and the temperature was maintained at around 20” 
by external cooling with ice. The mixture was then heated 
to 100” for 1 hr. with stirring, and finally cooled to room 
temperature. A solution of sodium hydroxide (75 g) in water 
(125 ml) was next added gradually and the mixture, a grey 
slurry, stirred for a short time at 50-60”. The mixture was 
cooled, diluted with an equal volume of water and filtered. 
The solid was washed with diethyl ether (50 ml) and the 
aqueous filtrate was extracted with diethyl ether (three 50-ml 
portions). The combined ether layers were dried over anhy- 
drous magnesium sulpbate and the ether was evaporated. 
The residue was distilled, giving a mixture of o- and 
p-octyianiline as a pale yellow liquid (26.3 g, 77% yield), 

1055 
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Table 1. Extraction of noble metals from a composite solution in 3M HCl, with 1M solutions 
of different samples of n-octylaniline in DIPK and toluene (analvsis bv AAS) 

Metal extracted, % 
Initial 

concentration, Mixture Mixture? 
Metal ppm Solvent p-Isomer* o-Isomer (scheme I) (scheme II) 

Pd 100 DIPK 87.7 88.0 83.2 91.0 
Pd 100 Toluene - 84.2 74.8 
Pt 100 DIPK 84.5 83.5 83.2 85.5 
Pt 100 Toluene - 83.8 76.4 - 

Rh 20 DIPK 66.0 59.0 60.0 60.1 
Rh 20 Toluene - 57.0 57.5 - 

*Emulsions formed with toluene, analysis not attempted. 
TExtractions into toluene were not attempted. 

b.p. 148-165/2 mmHg. NMR (neat) gave 6 0.60 (d, 3H), 
1.10 (S, 12H), 2.20 (t. 2H), 3.10 (S, 2H), 6.W.60 (m, 4H) 
ppm; infrared spectroscopy gave bands at 3300, 3200, 
3000-2850,1600, 1500, 1450,1270,1180,850,750 cm-‘. GC 
(at 210”) gave 2 peaks, ratio 36:64. 

Scheme II. A mixture of freshly distilled aniline (28.8 g, 
0.31 mole), I-octanol (14.0 g, 0.11 mole) and zinc chloride 
(21.3, 0.16 mole) was heated according to the method 
of Pohlandt4 Distillation of the product gave a mixture 
of o- and p-octylaniline (4.7 g, 23% yield), b.p. 
118-124”/0.3 mmHg (lit.4 b.p. 302”). The infrared and NMR 
data were essentially the same as those of the sample 
prepared in scheme I. GC (at 210”) gave 2 peaks, ratio 
12: 88. 

Separation of o- and p-ocrylaniline * 

A mixture of o- and p-octylaniline (prepared by scheme 
I) (7.5 g, 0.037 mole) was treated with 10% v/v sulphuric 
acid (100 ml), giving an oily cream precipitate. The mixture 
was diluted with 100 ml of water, stirred for 15 min and 
filtered. The residue was boiled with 300 ml of 95% ethanol, 
cooled and filtered. The residue, a white solid, was recrystal- 
lized from absolute alcohol, giving p-octylanilinium hydro- 
gen sulphate (4.4 g) as white crystals. A portion of this salt 
(3.9 g) was treated with 100 ml of 20% sodium hydroxide 
solution and stirred for 2.5 hr, with warming to 60”, causing 
the amine to separate as an oil. The resulting mixture was 
extracted with three 25-ml portions of diethyl ether, and 
dried over anhydrous magnesium sulphate then the ether 
was evaporated, leaving p-octylanihne (2.4 g, 32% yield). 
NMR (neat) gave 6 0.75 (d, 3H), 1.05 (S, 12H), 2.18 (m, 2H), 
3.10 (S, 2H), 6.00 (d, 2H), 6.40 (d, 2H) ppm. GC gave only 
1 peak. The filtrate from the recrystallization from ethanol 
was extracted with diethyl ether as before and the extracts 
were combined and dried over anhydrous magnesium sul- 
phate. Evaporation of the ether gave o-octylaniline (2.5 g, 
33% yield) as a yellow oil. NMR (neat) gave 6 0.75 (d, 3H), 
1.04 (S, 12H), 2.05 (m, 2H), 3.10 (S, ZH), 6.00-6.70 (m4H) 
ppm. GC gave one large peak (97%) and a very small one. 

Table 2. Extraction of noble metals from a composite 
solution with IM n-octylaniline (prepared by scheme I) in 

DIPK (analysis by DCP) 

Initial 
concentration, Metal extracted, 

Metal ppm % 

Pd 100 89.9 
Pt 100 79.1 
Ru 100 97.4 
Rh 20 73.4 
Au 40 99.7 
Ir 200 99.9 

Extraction of the noble metals 

Composite solution. The composition of this solution (in 
ppm) was Pt 100, Pd 100, Rh 20, Ru 100, Ir 200, Au 40, 
dissolved in 3M hydrochloric acid. The metal ions were 
extracted by shaking a IO-ml portion of the solution with 2 
ml of 1M n-octylanihne in di-isopropyl ketone (DIPK) or 
toluene. The extractions were performed with n-octylaniline 
prepared by schemes I and II, which contained mixtures of 
the ortho and para-isomers, and also with the pure o- and 
p-isomers. The amounts of Pd, Pt and Rh extracted into the 
organic phase in each case were determined by the flame 
AAS method of Pohlandt,4 and are shown in Table I. Later, 
the degree of extraction of these metal ions with n-octylani- 
line prepared by scheme I was determined from the 
difference in the concentrations in the aqueous phase before 
and after extraction, by DCP analysis. The DCP method 
was found to be the more convenient, since the different 
metals could be determined simultaneously. The results are 
shown in Table 2. 

So&ions of individual mefals. Solutions containing 
100~2000 ppm of an individual metal in 3M hydrochloric 

Table 3. Extraction of noble metals into 1M n-octylaniline 
(prepared by scheme I) in DIPK from solutions of the 

individual metals (analysis by DCP) 

Initial 
concentration, Metal extracted, 

Metal ppm % 

Pd 2000 99.7* 
Pt 2000 99.8 
Ru 1000 99.0 
Rh 1000 97.9 
Au 2000 99.4 
Ir 1000 99.4 

*Emulsion formed, which cleared slowly. 

Table 4. Extraction of Pd from 
3M HCI into 1M n-octylanihne 
(prepared by scheme I) in 

DIPK (analvsis by DCP) 

Initial 
concentration, Metal extracted, 

ppm % 

20 87.5 
200 89.1 
500 82.4 

1000 98.5 
2000* 99.7 

*Emulsion formed, which 
cleared slowly. 
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acid were extracted with n-octylaniline prepared by scheme The extraction efficiency was excellent for the 
1. The solution containing 2000 ppm Pd was also extracted 
with n-octylaniline prepared by scheme II. A IM solution of 

individual metals at relatively high concentrations 

extractant in DIPK was used in each case. The degree of (Tables 3 and 4) but poorer for lower concentrations 

extraction, as determined by DCP, is shown in Table 3. of palladia (Table 4) and for some of the metals 
(Pd, Pt and Rh) in the composite solutions (Tables 1 

RESUL’IS AND DISCUSSION 
and 2) when their concentrations were relatively low. 
Though we are not certain of the reason for the 

The methods and yields of the two synthesis poorer extraction efficiencies at lower concentrations, 

schemes are shown below. 

I 
n-C&S 

0 

“-C,u,, 

0 
(i) fiNQJ,H&06 

(ii) Sn, HCl 
m. 

b'";+q 

II' 
21% 40% 

NHz 

h n 
n-CIH,,OH,ZnCk~ 

* 

Scheme I gave overall yields of 58-64% n-octylani- 
line, about 65% of which was the paru-isomer and 
35% the o&o-isomer. Despite several attempts we 
were unable to obtain yields of n-~tylaniIine by 
scheme II which were comparable with those reported 
by Pohlandt.4 Whereas Pohlandt obtained a yield of 
more than 70% our yields varied between 15 and 
30%, and the product varied somewhat in its isomeric 
composition but was generally mainly the para-iso- 
mer. 

Although the isomeric composition of Pohlandt’s 
product was not specified, its reported physical 
properties (refractive index, melting point and boiling 
point) would suggest that it was mainly, if not all, the 
par0isomer. ‘q6 Thus the proportion of the ortho-iso- 
mer is higher when the n-octylaniline is prepared by 
scheme I. 

Mixtures containing various concentrations of Pt, 
Pd, Rh, Ru, Ir and Au dissolved in 3N hydrochloric 
acid were extracted with 1M n-~tylaniline in di-iso- 
propyl ketone (DIPK); the products from both 
scheme I and scheme II were examined, and little 
difference in the extraction efficiency was found. In 
the extraction of solutions of the individual metals, 
emulsions were only encountered when a 2000 ppm 
solution of Pd was extracted, but this occurred with 
n-octylaniline prepared by either method. Lower 
concentrations of Pd were found to be extracted 
without the formation of emulsions, however 
(Table 4). No problems were observed in the extrac- 
tion of the other metals (at up to 2000 ppm con- 
centration). Extraction of a composite solution 
containing relatively low con~ntrations of all the 
metals, with octylaniline prepared by either method, 
also did not lead to the formation of emulsions. 

3% 20% 1 
a possible explanation is that a kinetic effect is 
involved. The ability of octylaniline to extract pre- 
cious metals is presumably due to complex formation, 
and this would be expected to occur more slowly at 
low metal concentrations. Since all the extraction 
times were about the same, less efficient extraction of 
the metals present in low concentrations would be 
expected. 

The results of this investigation would appear to 
contradict those of Pohlandt, who observed that 
emulsions were formed in noble metal extractions 
with n-octylanihne prepared by a procedure 
analogous to the preparation of aniline from ben- 
xene.z It must be pointed out, however, that since 
neither the intermediate nitro compound nor the 
amine was distilled, the emulsion formation may have 
been due to the presence of impurities in the n- 
octylaniline. 

To investigate further the cause of these emulsions, 
the orrho- and para-isomers of n-octylaniline were 
separated,5 and used for the extractions, DIPK solu- 
tions of the isomers were found to extract the metals 
from the composite solution without formation of 
emulsions, but extraction with a toluene solution 
of the pact-isomer produced a heavy emulsion (the 
ortho-isomer solution did not). It was also found that 
the para-isomer, but not the ortho-isomer, produced 
emulsions in extraction of the 2000 ppm Pd solution. 

CONCLUSION 

T~ublesome emulsions appear to be more likely to 
be formed in the extraction of noble metals with 
samples of n-octylanihne containing relatively high 
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proportions of the paru-isomer. When the reagent 
was prepared by either of the methods described here, 
however, a 1M solution in DIPK was found to 
extract all the noble metals without emulsion forma- 
tion, with the exception of the extraction of relatively 
high concentrations (2000 ppm) of Pd, where emul- 
sions were formed. Nitration of n-octylbenzene fol- 
lowed by reduction (scheme I), was found to give 
much better yields of n-octylaniline than the reaction 
of aniline with I-octanol in the presence of zinc 
chloride (scheme II). It is recommended that n-octyl- 
aniline should be distilled before use, since it would 
appear that the presence of impurities may be largely 

responsible for emulsion formation in extractions of 
noble metals. 
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Summary-The potential of the As(V)/As(III) half-cell was measured at 25” with a glass electrode as 
reference electrode in order to eliminate the squid-junction potential. Rapid and reproducible values could 
be obtained only in the presence of iodide, which increases the rate of electron-exchange between the 
two oxidation states of arsenic, but only at hydrogen-ion concentrations higher than about 0.5M. 
Extm~lation to zero ionic strength was therefore required to obtain the standard potential. A value of 
573 + 2 mV was calculated for the half-reaction AsO( + 2e - + 2H + e As(OH), + H,O 

An accurate estimate of the potential of the 
As(V)/As(III) couple is of great practical interest, 
especially as A@, is widely used as a primary redox 
standard.’ The value of 0.559 V reported by Latimes 
and more recently by Bard3 was obtained from the 
equilibrium constant of the oxidation reaction of 
araenious acid by I;, proposed by Liebhafsky’ in 
reviewing the old data of Roebuck. This indirect 
evaluation was probably necessitated by the experi- 
mental difficulty caused by the slowness of response 
of the As(V)/As(III) couple. However Foerster and 
Pressprichs were able to obtain reproducible emfs 
with the cell 

Pt O.OlOM O.OlOM >O.lM 

AsO( ’ As(OH), ’ WX 
RE at 18” 

Cell (1) 

where 

X = Cl or Clod, 

RE = 0.1 or lMH,S04/HgzS04/Hg, 

and a low concentration of potassium iodide 
(OS-IOmM) was present and atmospheric oxygen 
was absent. 

Later, Wilson and Di~kinson6 demonstrated that 
the exchange of radioactive arsenic(III) and non- 
radioactive arsenic(V) takes place at a measurable 
rate only in the presence of iodine in acid solutions. 

High acidities and concentrations of the ionic 
medium were required to obtain reversible potentials 
in cell (l),’ so high liquid-junction potentials might be 
expected at the interface between the test solution and 
the reference electrode filling solution. Indeed a po- 
tential change of 147 mV was found when [HX] was 
changed from 1M to SM hydrochloric acid, and the 

*This research was supported by the Ministero Della 
Pubblica Istruxione of Italy. 

reference eiectrode filling solution was O.lM sul- 
phuric acid, and as high as 229 mV with 2M sulphuric 
acid as the filling solution. Moreover the reproduci- 
bility of the Foerster and Pressprich measurements 
was only 5 mV. It was probably for these reasons that 
Latimer preferred to evaluate the standard potential 
from thermodynamic data and did not quote the 
value 0.574 V (at 18’) obtained by Foerster and 
Pressprich. 

Recently, Biedermann et al. showed’ that the glass 
electrode can be conveniently used as a reference 
electrode even in perchloric acid solutions of concen- 
tration up to 5M. During the present research it was 
demonstrated that the glass electrodes employed 
showed no deviation from the behaviour of the 
hydrogen electrode not only in 5M (Na, H)ClO, and 
(Na, H)Cl, up to [H+] = 5M, but also in 10M 
(Li, H)Cl, up to [H”] = 10M. In addition, the use of 
a glass electrode as reference half-cell completely 
eliminates the liquid junction. Thus in the present 
work the standard potential of the couple 
As(V)/As(III) was determined by measuring the emf 
of the junction-free cell 

-GE 1 test solution1 Pt(Ir, Au, C) -t Cell (2) 

EXPERIMENTAL 

Reagents 
All the reagents were of high purity. Arsenic and 

arsenious acid solutions were obtained by dissolving solid 
As,O, and As,O, respectively (Aldrich, 99.99%. GoId 
Label) in the proper ionic medium. 

Perchloric acid (5M) was obtained by diluting the com- 
mercial 60% solution (Pluka, par&s. p.a., containing less 
than 0.001% heavy metals); sodium perchlorate solution 
(5M) was obtained by neutralizing the SM perchloric acid 
with solid sodium carbonate (Fluka, puriss. pa.). Lithium 
chloride solution (10M) and 10M hydrochloric acid 
were prepared from the commercial products (Fluka, puriss. 
p.a.). Attempts to purify these reagents further were not 
successful. 

10.59 
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Electrodes 
Indicator eleetrades. To ensure that the different “inert” 

electrodes, in the arsenic half-cell, gave the same potential, 
they had to be properly prepared. Platinum and iridium 
electrodes were boiled in aqua regia for a few minutes and 
then kept for at least 1 hr in 1% hydroxylamine hydro- 
chloride aqueous solution, which probably reduced the trace 
oxides on the electrode surfaces. Gold electrodes were 
prepared with a fresh surface, obtained by thermal decom- 
position of potassium tetrachloroaurate(II1) on a thin gold 
foil (1 x 1 mm). 

Carbon electrodes were kept for at least 4 hr in an 
aqueous solution containing iodine and potassium iodide 
and heated on a boiling water-bath. 

Glass electrodes. The following commercial glass elec- 
trodes were used: Schott-Mainx N.112, 7.0 Tl Thatamide 
100 MSa; Schott-Maim, Jena Glass; Metrohm PA 109. 

Procedure 

The emf of cell (2) was measured at 25”, under a small 
overpressure of nitrogen, with a Radiometer PHM 64 
potentiometer. Two se&s of solutions were considered: one 
containing SM RJa. H)ClO, and the other I-SM nerchloric 
acid. Fop each series, different total concentrations of 
arsenic(V) and arsenic(II1) ranging from 5 to 3OOmM, were 
studied, in different molar ratios (from 1 to 5). The ar- 
senic(III) concentrations could not be higher than 4OmM 
because of the low solubility in the ionic media used. 

The amount of iodine or iodide added to obtain reversible 
potentials, never exceeded 1% of that of the more dilute 
arsenic species, so that the concentration change due to the 
reaction with iodine or iodide could be neglected. 

In the series with constant ionic strength, the acidity was 
varied by adding appropriate amounts of SM perchloric 
acid or SM sodium perchlorate, containing arsenic(II1) or 
(V) at the same concentration as that in the solution to be 
titrated, Before each titration, the standard potential of the 
glass electrode [E&] was determined against a hydrogen 
half-cell, in a solution having the same ionic composition as 
that under investigation, but not containing ‘the redox 
counle As(V)/As(III). The nrocedure is described below. 
Then nitrogen was bubbled-through the solution, in order 
to completely eliminate hydrogen, and the required amounts 
of arsenic(II1) and (V) were added, together with potassium 
iodide. 

The chosen indicator electrodes (at least two) were then 
introduced, and the glass electrode was never removed from 
the test solution. The arsenic(V) and arsenic(II1) were added 
either directly as known weights of the solid substances, or 
as aliquots of their solutions in the same ionic medium as 
that used for the test solution. Agreement between the emfs 
measured by the different indicator electrodes was assumed 
to indicate the reversibility of the measured potential. 

Determination of the standard potential of the glass electrode 
The emf of the following cell was measured at 25”: 

- Pt 1 H, (p, 1 atm) / test solution 1 glass electrode + 
Cell (3) 

where the test solution was SM (Na,H)ClO, or 5M 

Fig. 1. Emf of cell (3) (glass electrode ru, hydrogen electrode) 
us. the acidity of the test solution [IOM (Li,H)Cl]. Ordinates: 
difference between the measured emf and the emf obtained 

at [H+]>7M. 

(Na,H)Cl, or 1OM (Li, H)Cl, deaerated by passage of 
nitrogen for 1 hr before saturation with hydrogen. Its acidity 
was increased by adding SM perchloric or hydrochloric acid, 
or IOM hydrochloric acid, and decreased by adding 5M 
sodium perchlorate or chloride, or 10M lithium chloride. 

RESULTS AND DIRCUggION 

Comparison of the glass electrode with the hydrogen 
half-cell 

A steady emf was obtained in cell (3) after equili- 
bration for about 15 min and remained steady within 
0.2 mV for at least 6 hr. 

The change in vapour pressure of water and hydro- 
chloric acid on changing from 5M sodium chloride to 
SM hydrochloric acid can be calculated with the 
osmotic coefficients reported by Rush,* for three- 
component systems. Its effect on the partial pressure 
of hydrogen (p) causes an emf variation of less than 
0.1 mV, and therefore can be neglected. The same 
holds for changing from 10M lithium chloride to 
10M hydrochloric acid. 

The emf of cell (3) containing 10M (Li, H)Cl is 
shown in Fig. 1 for different acid concentrations. The 
small variation in emf is probably due to trace 
impurities in the concentrated lithium chloride sol- 
ution. The emf of cell (3) containing 5M (Na, H)ClO, 
is constant within 0.1 mV irrespective of the acidity, 
in agreement with the observations of Biedermann 
et al.,’ and also for SM (Na, H)Cl. 

In all the ionic media considered, the glass elec- 
trode half-cell behaves exactly as the hydrogen half- 
cell does, and no acid error, analogous to the basic 
error, is observed with the modern glass electrodes, 
These can therefore be employed as the reference 
half-cell, even at the very high proton con~ntrations 
required in the present research, with the obvious 
advantage that no liquid-junction potential is 
generated. 

determination of the ~onditiona~ potential 
As(V)/As(III) in 5N (Na, H)CI04 

The two half-reactions of cell (2) are 

AsO( + 2H + + 2e - + As(OH), + Hz0 

and 

H+ +e- +fHZ 

In the first half-cell both arsenic(III) and (V) 
assumed to be in the highest hydration state. 

The emf of cell (2), at 25”, is given by 

of 

are 

(1) 

where the square brackets denote molar concen- 
trations, and y denotes an activity coefficient and a,, 
is the activity of water; E” is the difference between 
the standard potentials of the arsenic and glass 
electrode half-cells: 
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Table 1. Emf (mv) of cell (2) at different arseniclv) and a~ni~III) ~~~tratio~ 

[HCIO, ] = 0.44M, [NaClO,] = 4.56M, 
[HClO,] = S.OOM, [As(III)] = 39.8mM [As(III)] = 39.8mM 

log[AscV)l E Io~As~II~] E 

-1.88 766.0 -1.78 766.1 
-1.41 780.5 -1.48 774.5 
- 1.23 786.8 -1.34 779.0 
-1.07 790.6 -1.05 787.5 
-0.68 802.0 -0.50 803.8 

[HCl] = 0.61M, IrJaCl] =4.39&f, 
[HCl] = 5.OOM, [As(V)] = 99SmM [As(V)] = 99.5mM 

log[As(III)] E log[As(III)] E 

-1.60 787.0 -1.47 786.5 
-1.19 774.3 -1.17 779.0 
-0.95 766.2 -0.93 170.4 
-0.70 760.0 -0.53 760.1 
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The agreement between the emf values measured 
by the different indicator electrodes in the same 
solutions, when iodine is present, was always better 
than 0.2 mV. This is evidence that the measured 
potentiafs are pertinent to the redox couple 
As(V)/As(III), and not to impurities or trace oxides 
at the electrode surfaces. 

The behaviour of cell (2) has been proved to be 
Nernstian both in perchlorate and in chloride sol- 
ution. This was done by adding to the test solution 
known con-titrations of arsenic(II1) or (V). Some 
results are reported in Table 1, from which it is seen 
that the response slope (mean value of the four series) 
was 29.6 + 0.8 mV for a change of 1 in the logarith- 
mic term, in good agreement with the expected 29.58 
mV. High concentrations of arsenic(II1) can be 
reached only in chloride solutions, which is why 
this medium was used when testing the response to 
arsenic(II1). 

In the acidity range considered (0.5-5&f) both 
arsenious and arsenic acid are fully protonated~” 
but because of their amphoteric nature, may undergo 
protolysis reactions. For instance, the following reac- 
tion in O.lM hydr~hlo~~ acid medium was studied 
by Washburn, ‘* by a conductometric technique: 

As(OH), + H + -. AsO+ + 2H,O 

K = aAsO+ aHdaAs(OH)3aH+ (3 

where a denotes an activity. Washburn’s data were 
reviewed by Randall,t2 who reported a conditional 
equilibrium constant of K = 0.5. If this value holds 
for the ionic medium considered here, the ratio 
[AsO+]/[As(OH)~] could be as high as 0.5 even at 
[H +] = l&f, and thus the assumption that the concen- 
tration of the species AsO( and ASP is equal 
to the total arsenic(V) or arsenic(III) con~t~tion is 
no longer valid. 

This point was tested by measuring the potential of 
cell (2) at different proton concentrations. If arsenic 
acid does not undergo protolysis under the conditions 
considered, as will be demonstrated later, the emf 
should be constant so long as the arsenious acid also 

does not undergo protolysis. The results obtained by 
m~suring the emf of cell (2) at different acidities are 
reported in Fig. 2, in which the data are adjusted to 
a common norm by correction for the standard 
potentials of the glass electrode and the effect of the 
arsenic(V)/arsenic(III) ratio. 

An increase of about 5 mV in the emf occurs during 
the change from 5M NaClO, to 5M HClO, medium, 
mainly at [H+] > 2.5M. This effect ‘is certainly par- 
tially due to the change in the activity of water. The 
activity of water is 0.593m in 5M (6.42~~) perchloric 
acid, and 0.774m in 5M (6.57m) sodium perchlorate, 
as calculated from the osmotic coefficients reported 
by Rush.’ Thus a variation of 3.4 mV in the emf of 
the cell must be expected on the basis of the variation 

602 - 

Fig. 2. Emf of cell (2) [As(V)/As(III) electrode vs. GE] US. 
acidity of the test solution [5&f ~a,H)ClO~]. Ordinates: 
E: + E& - 29.58 log([As(V)]/[As(III)]). Ordinates of the 
continuous curve: E - E& - 29.58 log([As(V)]/[As(III)]) + 
29.58 loga(H*O). @ [As(III)] = 39.8mM, [As(V)] = 
4O.lmM. 0 [As(III)] = 39.8mM, [As(V)] =238.3mM. 
Q [As(III)] = 19.7mM, [As(V)] = 20.2mM. A [As(III)] = 
19.2mM, [As(V)] = 130.5mM. @ [As(III)] = 3.9mM, 

[As(V)] 5 67.3mM. 
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in water activity. The continuous curve in Fig. 2 was 
obtained from the experimental points by correcting 
for the change in water activity. 

The small residual effect at acid concentration 
higher than 4M might be attributed to the protolysis 
of arsenic(III), see equation (2). In 5M (Na, H)ClO, 
medium the activity coefficients of the cationic species 
are expected to be constant, on the basis of the 
specific interaction theory.13 By assuming that the 
whole residual effect is due to the protolysis reaction, 
and thus neglecting any change in the activity co- 
efficients of the undissociated species AsO(O 
As(OH),, and water, and any side-reaction of 
arsenic(V) (discussed later on), a value of 
log K = - 1.4 might be proposed for this reaction in 
5M (Na, H)C104, much lower than that previously 
proposed by RandalLI probably because of the 
concentrated ionic medium used here. 

Other explanations for the small variation in emf 
at the highest acidities are also possible, for instance 
based on the change of the activity coefficients of the 
undissociated species. However, the most important 
point is that up to [H +] = 4M, no protolysis reactions 
take place. Thus the total arsenic(II1) and (V) concen- 
trations can be introduced into equation (1) to calcu- 
late the conditional potential of the half-cell. 

In 5M (Na, H)C104 up to [H ‘1 = 4M this potential 
is 594.8 f 0.5 mV, much higher than that proposed 
by Latimer (0.559 V). It must be recalled that the 
conditional potential calculated for 5M (Na, H)ClO, 
is related to the standard potential of the 
As(V)/As(III) couple by the relationship 

EOA, = J% + 29.58 l”i%(YAsO(OH), /?As(OHJ3 ) (3) 

An extrapolation of this value to zero ionic strength 
will be discussed in the next section. 

Tests for protolysis of arsenic acid 

The effect of increasing concentrations of ar- 
senic(V) on the emf of two cells was studied 

_ GE [As(v)1= 0-350mM 
5M HCl 

E = EL, - E& - 29.58 log[H ‘1 Cell (4) 

If arsenic acid reacts with protons, the emf of the cell 
is expected to increase when the As(V) concentration 
increases. A small opposite effect is observed instead 
(Fig. 3), probably due to changes in the junction 
potential values. 

[As(V)] = lo-350mM 
-GE [As(III)] = 1OmM 

[HCIO,] = 5M 
Pt+ Cell (5) 

E = EOA, - E& + 29.58 log([As(V)]/[As(III)]) 

The measured emf is Nernstian with respect to the 
total added arsenic(V), which shows that the proton 
activity is uneffected by increasing the arsenic(V) 
concentration. 

777.1 - 

I I I 

0 100 200 300 

CAs(VJ3 mM 

Fig. 3. Emf of cell (4) US. arsenic acid concentration. Test 
solution: 5M hvdrochloric acid. Ordinates: emf of the cell. 
mV. Abscissae:- total concentration of arsenic(V), mM. I$ 
Addition of arsenic(V) to 24 HCl. 0 Dilution of concen- 

trated arsenic(V) solution with SM HCI. 

Moreover, some spectrophotometric observations 
made on 10M (Li, H)Cl solutions show that the 
spectrum of AsO( does not change with acidity 
up to [H+] = 6M. The absorbances at 230 and 260 
nm increase only for proton concentrations higher 
than 6M. 

Determination of the standard potential of 
As(V)/As(III) 

To obtain the standard potential from the con- 
ditional one, an extrapolation to Z = 0 must be done. 
Thus ionic media as dilute as possible should be 
considered, consistent with the fact that the lowest 
acidity at which cell (2) gives reversible potentials is 
about 0.5M perchloric acid. Therefore the perchloric 
acid ionic medium was chosen, at concentrations 
ranging from 1 to 5M, obtained either by diluting or 
acidifying the original solution. Some results are 
reported in Table 2. The maximum global effect is 
about 25 mV, and, as shown above, only at the 
highest acidities can it be attributed to the protolysis 
of arsenious acid. In a similar experiment, Foerster 
and Pressprich5 found a much bigger effect, of about 
77 mV. This further demonstrates that variations 
in the liquid-junction potential were prevalent in 
their experiments. The variation of water activity is 
important, and a correction for it is included in the 
results in Table 2. 

It is reasonable to think that the residual effect is 
due to the change in the activity coefficients of the 
neutral species AsO( and As(OH), . It is known 
that in many aqueous solutions containing high 
concentrations of an inert salt S, at ionic strength Z, 
the activity coefficient of a molecule depends on the 
nature and concentration of the salt, according to the 
equation 

log Yy = Ccy, S)Z 

where yy is the activity coefficient of the molecule Y, 
and the experimental coefficient C(Y, S) depends on 
the particular combination of molecule and inert salt. 
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Table 2. Emf (my) of cell (2). at different perchloric acid concentrations 
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No. 
[HC~I, ‘ArsWl,* [As$)l,* K E - I?& - 29.58 

mV x loE[AsCv~l/~As~IIII1~,t m V 
1 5.00 16.0 
2 4.28 25.9 
3 3.75 22.7 
4 3.00 18.2 
5 2.14 13.9 
6 2.77 21.2 
7 3.52 14.1 
8 5.00 8.3 
9 4.17 20.8 

10 3.56 17.8 

:: 
2.73 13.6 
1.71 8.6 

16.0 
25.9 
22.7 
18.2 
13.0 
21.2 
14.1 
8.3 

20.8 
17.8 
13.6 
8.6 

4.0 600.0 
-2.7 595.2 
-7.5 591.4 

-13.2 586.9 
- 18.3 582.1 
- 14.7 585.7 

-9.3 590.0 
141.5 600.9 
133.2 594.4 
127.8 590.2 
121.8 585.5 
116.4 581.1 

13 5.00 25.0 25.0 142.3 600.6 
14 4.17 20.8 20.8 134.3 594.5 
15 3.57 17.9 17.9 129.3 590.7 
16 3.12 15.6 15.6 126.1 588.3 
I7 3.12 93.9 15.6 149.3 588.5 
18 3.33 83.5 13.9 151.0 589.9 
19 4.05 47.7 7.9 157.1 594.7 
20 4.62 19.1 3.2 163.8 600.1 

*[As(V)] and [AS(III)l indicate the total q~nqu~~ent and tervalent arsenic ~n~t~tion. 

ts”,, is the standard potential of the glass electrode used. For data l-7, E& = -602.5 
(Schott-Mainz, Jena Glass); for data 8-12, E, - o - -465.8 (Metrohm EA 109); for data 
13-20, Et, = -464.8 (Metrohm EA 109). 

Thus in the case considered here, equation (1) can be late Prof. Georg Biedermann (Department of Inorganic 

rearranged to give Chemistry, Royal Institute of Technology, Stockholm, 
Sweden), to whom I am greatly indebted for having intro- 

E - E& - 29.58 log([AsO(OH),],‘[As(OH),] duced me to this topic, and more generally to the chemistry 

+ 29.58 log aup 
of concentrate aqueous solutions. 

= EO,, + 29.58 log(YA,(OH),/YAs(O”)~) 

= Eis + 29.58C(AsO(OH),, HClO.,>l 

- 2598C(As(OH),, HClO& 

A plot of the left-hand side of this equation against 
Z is expected to give a straight line with slope 

-I-29.58fC(AsO(OH),, HCIO,) 

- C(As(OH), , HCIOe)]. 

The standard potential can be obtained from the 
intercept on the ordinate. 

The experimental data show a linear relation at 
least for perchloric acid concentrations lower than 
4&f, as expected on the basis of previous results. The 
straight line has a slope of 4.4 f 0.5 and an intercept 
of 573 f 2 mV, which is the standard potential under 
investigation. The agreement with the value of 0.559 
V proposed by Latimer from thermodynamic data is 
acceptable, and, moreover, has been demonstrated to 
be pertinent to the couple constituted by the two 
species AsO( and As(OH),. 

Ack~owZedgement-The original idea for the present work 
is due to the thorough and stimulating suggestions of the 
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ROOM-TEMPERATURE PHOSPHORESCENCE OF 3- AND 
5SUBSTITUTED INDOLES 
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Summary-The room-temperature phosphorescence of indole and thirteen substituted indoles on 
Schleicher and Schfill 204OA filter paper is reported. Caesium and iodide ions are effective in increasing 
the emission intensity. In the presence of iodide, the excitation and emission wavelengths of indole are 
279 and 440 mn respectively. The excitation and emission wavelengths of indoles with aliphatic groups 
in the 3-position are 288-289 and 443-49 nm respectively. Indoles with 3,%substitution have excitation 
and emission wavelengths of 300-308 and 448460 nm respectively. Indoxylsulphate and indoxyl-@-n- 
glucoside were the only indoles surveyed for which variations in the excitation and emission wavelengths 
depended on the heavy-atom ion present. These compounds had excitation wavelengths ranging from 288 
to 388 nm, depending on which heavy-atom perturber was used. Emission wavelengths were 460-500 nm. 
Log-log plots of intensity vs. concentration were linear between 0.05 and 700 pg/ml for all the compounds 
studied, with detection limits in the nanogram range. 

Solid-surface room-temperature phosphorescence 
(RTP) is a relatively new technique which utilizes 
adsorption to enhance phosphorescence from the 
excited triplet state of organic molecules. Several 
review articlesr4 and two books5s6 covering the 
subject are available. 

Substituted indoles are naturally occurring 
molecules of biological significance. As they are 
metabolites of tryptophan, their concentrations can 
indicate physiological imbalances. The luminescence 
of tryptophan is useful in the study of protein struc- 
ture and energy transfer. ‘J Indoles also serve as plant 
auxins (growth regulators). Their phosphorescence is 
recognized as a sensitive and selective method for 
their determination.7*9-” Indole, tryptophan, and 
substituted tryptophan have been observed to give 
RTP on filter paper treated with sodium hydroxide 
and iodide.‘* 5-Hydroxytryptophan and 5-hydroxy- 
indoleacetic acid exhibit RTP when adsorbed on 
sodium acetate but tryptophan does not.‘) Recently, 
Aaron et a1.14 examined the RTP of substituted 
indoles on anion-exchange filter papers. In our study 
we have also examined the RTP of indoles on filter 
paper to determine how changes in molecular substi- 
tution and association with heavy-atom salts change 
the intensity and wavelengths of phosphorescence. 

EXPERIMENTAL 

Apparatus 

All phosphorescence measurements were made with an 
Aminco-Bowman spectrophotofluorimeter with a phospho- 
roscope attachment. The system was used without slits. 
The spectra were uncorrected. A solid-sample holder was 
constructed from brass according to Paynter et ~1.‘~ 

*Author for correspondence. Present address: Department 
of Chemistry, Central College, Pella, Iowa 50219, U.S.A. 

Reagents 

Air and moisture were excluded from the sample chamber 
by flushing it with nitrogen, which was first passed through 
a drying tube containing anhydrous magnesium perchlorate. 
Absolute ethanol was distilled prior to use, the first and last 
1% of distillate being discarded. All solutions were prepared 
in a 60 : 40 v/v mixture of ethanol and distilled demineralized 
water. Tryptamine, indole-3-acetic acid, indole-fbutyric 
acid and tryptophol were recrystallized twice from ethanol. 
Indoxyl-/I-D-glucoside and indoxyl sulphate were used as 
received from Sigma Chemical Company. Other indoles 
were reagent grade chemicals from Aldrich Chemical 
Company and were also used as received. 

Procedure 

A strip of Schleicher & Schilll204OA filter paper approxi- 
mately 2.5 x 10 cm (1 x 4 in.) was soaked in a l-2M 
heavy-atom salt solution for about 1 min, then air-dried on 
a large watchglass. A a in. circle was punched from the strip 
with a paper punch. (The strip and circle were handled 
exclusively with forceps.) The edge of the filter paper circle 
was placed in a small alligator clip. A 4~1 volume of an 
indole solution (0.5-800 rg/ml) was syringed onto the centre 
of the paper. The paper and sample were dried for 2 min in 
ambient air. Final drying with nitrogen in the sample 
chamber was continued for approximately 2-5 min until a 
maximum signal was reached. 

RESULTS AND DIBCUBBION 

Effects of substitution 

In solid-surface room-temperature phosphores- 
cence, molecules are stabilized by adsorption onto 
surfaces such as filter paper and this minimizes 
collisional deactivation of the excited triplet state. 
Those molecules which can assume a high degree of 
planarity can phosphoresce when held tightly on the 
solid support. Thus, room-temperature phosphores- 
cence of indoles involves the planar, aromatic portion 
of the adsorbed molecule. Substitution will influence 
RTP by withdrawing electrons from or releasing 
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electrons into the conjugated indole ring. We exam- 
ined three structural differences and each accounted 
for variation in the indole excitation and emission 
wavelengths, as summarized in Table 1. 

(1) Addition of an aliphatic group in the 3-position 
of the pyrrole ring of the indole. This caused a 
red-shift of excitation and emission wavelengths by 
approximately 10 nm from that of indole. 

(2) Addition of a hydroxy group in the 5-position. 
This released electrons into the aromatic ring and 
gave a red shift of about 10 nm in the excitation and 
emission wavelengths. A 3,5substituted indole had 
its excitation and emission wavelengths red-shifted by 
10-20 nm. 

(3) Addition, in the 3-position, of a substituent 
containing oxygen, as with the indicans indoxyl sul- 
phate and indoxyl-/I-D-glucoside. This gave various 
effects, ranging from none at all, to the appearance of 
a second excitation maximum, and a red shift of 
9-109 nm, depending on which heavy-atom (iodide or 
caesium) was present, as shown in Table 1. The 
emission wavelengths were 20-160 nm longer than 
that for indole. 

Significant trends in RTP excitation and emission 
wavelengths as a result of substitution were not found 
for the substituents examined in an earlier study by 
Aaron et al.l4 The increased excitation and emission 
wavelengths indicate that absorption by the excited 
singlet state and emission from the excited triplet 
state occur at lower energies than for unsubstituted 
indole. 

Eflect of heavy-atom salts 

The influence of heavy-atom salts on four different 
substituted indoles was examined. The results are 
shown in Table 2. Tryptamine, indole-3-acetic acid 

and 5-hydroxyindole-3-acetic acid were similarly 
affected by all the heavy atoms tested. For these 
indoles, no room-temperature phosphorescence, or 
only very weak RTP, occurred without heavy ions 
present in the matrix. Of the heavy ions tested, only 
caesium and iodide significantly increased the phos- 
phorescence intensity relative to the blank, iodide 
being the more effective. No changes in phosphores- 
cence wavelengths were seen. Thallium was not effec- 
tive in inducing phosphorescence in the system, 
although it has induced RTP in indoles adsorbed on 
anion-exchange filter paper and on Schleicher & 
Schiill 903 filter paper treated with carboxymethyl 
cellulose or diethylenetriaminepenta-acetic acid.14 

The solid-state fluorescence of these indoles ad- 
sorbed on filter paper was also examined. Under our 
conditions, only fluorescence occurred in the absence 
of heavy atoms. Phosphorescence only occurred on 
paper treated with potassium iodide or caesium chlo- 
ride, with the exception of indoxyl-fi-D-glucoside and 
indoxyl sulphate, which showed slight phosphores- 
cence without heavy atoms present. Phosphorescence 
signals were 10-15 times more intense than the 
fluorescence signals. 5-Hydroxyindoleacetic acid did 
not fluoresce on untreated paper, but did phospho- 
resce in the presence of iodide and/or caesium. 

Andino et a1.16 have recently used X-ray photo- 
electron spectroscopy to study interactions between 
phosphors, heavy atoms, and filter paper. They found 
no evidence for chemical interactions between the 
phosphors and the heavy atoms or between the heavy 
atoms and the paper. This may also be supported by 
the observation that in most studies there is little 
variation in the excitation and emission wavelengths 
of phosphors with different heavy atoms. Apparently, 
heavy atoms do not change excitation and emission 

Table 1. RTP wavelengths of selected indoles on filter paper 

Compound L,nm L, nm Heavy ion 

Indole 

Tryptamine 
L-Trvntophan 
Trypmpdol 
Indole-3-acetic acid 
Indole-3-propionic acid 
Indole-3-butyric acid 

Indoxyl sulnhate (K salt) 
Indoxyl &hate (K salt) 
Indoxvl s&hate (K salt1 
Indox&?-&gluc&ide 
Indoxyl-/I-o-glucoside 
Indoxyl-B-o-ghrcoside 

5-Hydroxytryptophol 

Serotonin 
5-Hydroxytxyptophan 
5-Hydroxyindole-3-acetic acid 
5-Methoxyindole-3-a&c acid 

219 
3-substituted 

288 
289 
288 
288 
289 
289 

indicans 
300,388 
212,388 

375 
288 

288.388 
380 

j-substituted 
291 

3.5~substituted 
302 
308 
302 
300 

440 

443 
443 
448 
449 
450 
450 

500 
500 
500 
460 
466 
460 

449 

450 
448 
450 
460 

I-, cs+ 

I-, Cs+, none 
I-, cs+ 
I-, cs+ 
I-, cs+ 
I-, cs+ 
I-, cs+ 

I- 
cs+ 
none 
I- 
cs+ 
none 

I-, cs+ 

I-, cs+ 
I-, cs+ 
I-, cs+ 
I-, cs+ 

Uncertainty is approximately *2 nm. 
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Table 2. Effect of heavy atoms on the room-temperature phosphorescence intensity of selected indoles 

Relative room-temperature phosphorescence intensity 

Indole-facetic 5-Hydroxyindole acetic 
Heavy-atom salt Tryptamine acid acid Indoxyl sulphate 

2M KI 1.00 1.00 1.00 
1M KI-1M CsCl 0.84 0.99 0.89 
2M C&l 0.53 0.47 0.79 
1M CsCl 0.43 0.44 0.53 
1M BaCl 0.07 0.16 0.13 
2M KBr 0.05 0.06 0.02 
2M NaBr 0.05 0.06 0.02 
2M KSCN 0.06 0.06 0.06 
0.5M AgNO, ns. ns. n.s. 
0.5M Pb(OAc), n.s. ns. n.s. 
0.5M HgCI, ns. ns. n.s. 
0.5M TlF ns. n.s. n.s. 

0.19 
0.81 

;?4 
0:OS 
0.01 
0.16 
0.26 
n.s. 
n.s. 
n.s. 
n.s. 

No heavy atom 0.01 n.s. n.s. 0.05 

n.s. = no signal above the blank. The relative intensities are for each individual compound’s highest signal 
[with 2M KI except for indoxyl sulphate (highest with 2M CsCl)]. 

characteristics, but merely increase phosphorescence 
quantum yields. However, the indicans seem to differ 
slightly from this pattern. 

Effect of radiation on indicans 

The indicans, indoxyl sulphate and indoxyl-/I-D- 
glucoside, showed behaviour differing from that of 
other indoles studied. These compounds showed 
phosphorescence even without heavy ions in the 
system. They gave the most intense phosphorescence 
in the presence of caesium atoms, and the maximum 
excitation wavelength differed, depending on whether 
casesium or iodide was used as a heavy ion. 

When caesium was the heavy ion, both indicans 
underwent changes in the excitation wavelengths 
when the samples were illuminated and dried in the 
sample chamber. Under these conditions, both indi- 
cans had excitation wavelengths of approximately 
280 and 388 nm. Initially, the shorter wavelength was 
the excitation maximum and the peak at 388 nm was 
very small. After several minutes of illumination in 
the drying chamber, the longer wavelength became 
the more intense excitation peak. This was only seen 
when the sample was irradiated with ultraviolet light. 
When the sample was left in the dark while drying, 
the peak at the longer wavelength remained very 
small. 

For indoxyl-fl-D-glucoside, the peak at 388 nm 
became less intense when the irradiating light was 
removed. When iodide was the heavy ion, this wave- 
length increase was not seen and excitation occurred 
only at 288 nm. If a heavy ion was not present on the 
filter paper, a broad excitation peak between approxi- 

Table 3. RTP detection limits of indoles 

Compound 

Serotonin 
Indoxyl sulphate 
5-Hydroxytryptophan 
Indole-3-propionic acid 

pgcglml ng 

0.80 3.20 
0.40 1.60 
0.20 0.80 
0.16 0.64 

mately 288 and 388 nm was noted. The maximum was 
at approximately 380 mn. 

For indoxyl sulphate with caesium as the heavy 
ion, the excitation wavelength increased from 272 nm 
to 388 nm if the molecule was irradiated during the 
drying process. This peak did not decrease in intensity 
when the irradiation was stopped. When iodide was 
the heavy ion, two excitation maxima were noted, at 
300 and 388 nm, the latter being the more intense. 
Without a heavy ion, the excitation peak was a broad 
band with a maximum at around 375 nm. 

Since the wavelength of the excitation peak 
changes during irradiation, a photoreaction could be 
occurring. Since the excitation wavelengths for both 
indicans become 388 nm, it seems most likely that the 
sulphate and glucoside groups are cleaved from the 
parent structure, leaving a negatively charged oxygen 
atom in the 3-position. This would be stabilized by an 
environment containing a positively charged heavy 
ion such as caesium, and by the polar environment 
provided by the paper.” 

Quantitative aspects 

The detection limits, taken as the concentration 
at which the RTP intensity is twice that of the blank, 
are shown in Table 3. The detection limit of 0.64 ng 
for indole3-propionic acid can be compared with 
detection limits of 7.56 ng for low-temperature 
phosphorescence” and 7 pg for high-pressure 
liquid chromatography with fluorescence detection.‘* 
Log-log calibration plots were linear between about 
0.05 and 700 pg/ml. 

The slopes and intercepts of the calibration graphs 
varied according to the heavy ion used to increase the 
RTP intensity (Table 4). The slopes for all the indoles 
were close to 1.0 when iodide was used as the heavy 
ion and about 0.6 for caesium. The slopes were 
between 0.85 and 0.65 when a mixture of potassium 
iodide and caesium chloride was present. Without a 
heavy ion present, the slopes were approximately 0.5, 
but only the indicans gave significant RTP without 
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Table 4. Indole calibration curve slopes with eaesium and iodide as heaw ions 

No heavy 
Compound 2M KI 2M CsCl 1M KI-l&f CsCl ion 

Indoxyl sulphate 1.09 0.56 0.65 0.51 
Indoxyl-/I-o-glucoside 1.10 0.59 0.85 0.41 
5-Hydroxytryptophan 0.82 0.70 0.76 - 

heavy atoms. The relative standard deviation for 
these measurements was 3%. Factors affecting the 
slopes and intercepts of the indole calibration curves 

have heen discussed elsewhere.14 The slope of the line 
reported for the indoxyl-/I-D-glucoside system in our 
study was the same as that obtained in another 
study, I9 but the slopes for the indoles with caesium 
were much lower in our study. This may he due to 
quenching by oxygen, since our samples were not 
prepared in an inert atmosphere, as were those which 
gave rise to larger slopes. The solvent used in our 
study also differed from that in the previous study. 
Factors such as heavy ions, solvents, and the type of 
tilter paper, all of which influence the RTP of indoles, 
have been the subject of a previous study.20 Variation 
in RTP intensities and wavelengths due to different 
heavy ions have been used to identify nitrogen- 
containing heterocycles. 2’ It is clear that the indicans 
are very sensitive to heavy-atom differences, but other 
factors such as sample preparation and solvents also 
must be considered if RTP is to be used to identify 
them. 

Indoles are reported to have low unperturbed 
phosphorescence quantum yields.12 In a study by 
Aaron et a1.,22 it was found that the unperturbed 
phosphorescence quantum yields were inversely 
related to the degree of enhancement of phosphores- 
ence intensity by iodide. The results of the present 
work with indoles and indicans and of previous work 
with phenothiazines23*24 are in agreement with that 
observation, Apparently, indicans have higher unper- 
turbed quantum yields than the other indoles studied, 
as evidenced by their lower RTP enhancement with 
iodide and their detectable phosphorescence when no 
heavy ion is present. 

Low-temperature phosphorescence studies have 
shown that perturbation of the indole chromophore 
by halocarbons depends on the electron affinity of the 
substituents present in the latter.25 A triplet state 
complex is formed between indole and the perturbers 
with high electron affinity. This could explain the 
changes in wavelengths and the different calibration 
slopes seen with iodide or the caesium ion present. 

In summary, room-temperature phosphorescence 
is a selective and simple method for the spectroscopic 
determination of indoles. The phosphorescence 
excitation and emission wavelengths vary charac- 
teristically with substitution of the parent indole at 

the 3- and S-positions. Caesium and iodide were the 
most effective heavy ions for use with the indoles 
studied. The linear log-log plots exhibit different 
slopes, according to the heavy ion present. 
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Summary-A solvent extraction-spectrophotometric determination of microamounts of iron has been 
developed, based on the formation of an ion-association complex of iron(I1) with 2,4,6-&i@‘-pyridyl)- 
1,3,5-triazine as primary ligand and picrate as counter-ion, which is extracted into 1,2_dichloroethane. The 
complex is formed at pH 4.0-7.0 and the iron concentration can be determined by measuring the 
absorbance directly in the organic phase. The apparent molar absorptivity is 2.2 x IOr l.mole-’ cm-‘. 
As the method is practically free from interferences it was appiied to the dete~nation of iron in different 
biological and inorganic samples. Althou~ the proposed method is very sensitive it can be further 
sensitized by employing the derivative spectrophotometric technique. 

Chromogens of the ferroin type are structurally 
distinguished by the presence of the bidentate or 
terdentate chelate functional group N=C-C=N, 
commonly referred to as the ferroin group. The 
ability of these compounds to form intensely 
coloured iron and copper(I) chelates has permit- 
ted the development of sensitive spectrophotometric 
methods for the determination of these cations. How- 
ever, several molecules containing the same func- 
tional grouping have proved to be especially sensitive 
as iron chromogens, as judged from the molar 
absorptivities. They include 2,2’-bipyridyl,’ l,lO- 
phenanthroline,2 bathophenanthroline3,4 and certain 
triazine derivatives.5* The most sensitive is 2,4,6- 
t~s(2-py~dyl)-l,3,5-t~a~ne (TPTZ) which reacts 
with iron(I1) to give an intense violet colour due to 
Fe(TETZ):+ . This binary complex is water-soluble 
and has a molar absorptivity of 2.26 x 10’ 
1. mole-‘. cm-’ at 593 nm.6 The presence of perchlor- 
ate results in an ion-association complex which can 
be extracted into nitrobenxene; in this solvent the 
molar absorptivity is 2.41 x 104 l.mole-’ .cm-’ at 
595 nm.6 Extraction of these ion-associates into low 
polarity solvents is advantageous because it both 
increases the sensitivity and serves as a concentration 
step. Several such systems for iron determination 
have been reported.s*4 

In the present work a new sensitive method for 
iron determination is proposed, in which picrate 

*To whom correspondence should be addressed. 

is used as the counter-ion for the iron(IIbTPTZ 
complex, with extraction into 1,2-dichloroethane 
and direct absorbance measurement in the organic 
phase. The sensitivity can be further increased by 
using the derivative spectrophotometric technique. 
The method has been applied to the determination of 
trace amounts of iron in different samples. 

Apparatus 

A Bausch & Lomb Spectronic 2000 with IO-mm cells, and 
an Orion Research Digital Ion-analyzer 701 with glass and 
saturated calomel electrodes were used. 

Reagents 

All reagents were of analytics-r~~nt grade. All sol- 
utions were prepared with distilled demineralized water. 

Stanahrd iron solutions. A 1000 gg/ml solution was 
prepared by dissolving 7.022 g of ammonium iron(I1) 
sulphate hexahydrate in 10 ml of 9M sulphuric acid and 
diluting to volume in a 1000 ml standard flask. A 10 jq&nl 
solution was prepared by diluting this solution, and other 
ranges of iron ~n~ntrations were prepared by appropriate 
dilution. All these solutions were stored in iron-free glass 
bottles. 

2,4,6-Tris (Z-pyridy& 1,3,5-triazine (TPTZ) solution. An 
approximately 1.0 x 10-‘M solution was prepared by 
dissolving 0.312 g of the compound in a few drops of 
concentrated hydrochloric acid and diluting to 1000 ml. 

~y~oxyl~o~t~ chloride solution. Prepared by dis- 
solving 100 g of the salt in 1000 ml of distilled water. 

Picric acid sohition. A O.OlM solution was prepared by 
dissolving 2.291 g of purified picric acid in 1000 ml of 
distilled water. 

Sodium acetate-acetic acid bufer @If 5). A solution 2M 
in sodium acetate and 1.12M in acetic acid was prepared by 
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Fig. 1. Absorption spectra of DCE extract of the 
Fe(U)-TPTZ-pit complex and the binary combinations of 
the reactants, measured against DCE. (A) Fe-TPTZ-pit; 

(B) Fe(H)-TPTZ (C) Fe(H)-pit; (D) TPTZ-pie. 

dissolving 164 g of sodium acetate and 64.4 ml of acetic acid 
in water, and diluting to 1000 ml. 

Foreign ion solutions. Solutions of diverse ions for inter- 
ference studies were prepared by dissolving the amount of 
each compound needed to give 10-1000 pg/ml concen- 
trations of the ion concerned. 

1,2-Dichloroethane (DCE). Extra pure (sp. gr. 1.25). 

Procedures 
Ordinary spectrophotometry. Place in a 250-ml separating 

funnel an aliquot of sample solution containing not more 
than 25 pg of iron, 1 ml of the buffer solution, 1.0 ml of 
hydroxylammonium chloride solution and 10 ml of TPTZ 
solution. Then add 30-50 ml of water and 4 ml of picric acid 
solution, and adjust the total volume to 100 ml. Mix and set 
aside for 5 min. Then add 10 ml of 1,Zdichloroethane and 
shake the funnel for a few minutes. After separation of the 
phases, run the organic layer into a dry flask. Measure the 
absorbance of the green extract at 600 nm against a reagent 
blank prepared under the same conditions, using IO-mm 
CellS. 

First-derivative spectrophotometry. Prepare the DCE 
extract as above, and record the first-derivative spectrum 
over the range from 700 to 500 nm, against a reagent blank, 
at a scan-speed of 100 nm/min, with AI set to 2.0 nm. 

RESULTS AND DISCUSSION 

Spectral characteristics 

The absorption spectra of the ion-associate and the 
binary combinations of iron(TFTZ, iron(II)- 
picrate and TPTZ-picrate, extra&ted into DCE, were 
measured against DCE (Fig. 1). The ion-associate 
shows two bands, at 360 and 590-610 nm. It can 
be observed that the reagents do not absorb at 
590-610 nm and that the Fe(TPTZ):+ binary com- 
plex is not extracted into DCE. When the iron 
concentration was increased, a significant change was 
observed in the amplitude of the two bands. The 
intensity of the more sensitive band at 360 nm was 
also affected by increasing concentration of picrate, 
whereas the absorbance at 600 nm depended only on 
the iron concentration. The difference in absorbance 
between the pure solvent and the reagent blank is 
small and almost constant (0.038). In view of this, 
absorbance measurements are made at 600 nm 
against a reagent blank. 

Composition and characteristics of the complex 

The ion-associate isolated from the aqueous sol- 
ution was analysed and some of its properties were 
studied. The molar ratio of TPTZ to iron is well 
known to be 2: 1.6 The Yoe and Jones molar ratio 
method was used to determine the composition of the 
ion-associate, and a 1: 2 molar ratio of Fe(II)-TPTZ 
complex to picrate was found. From these results, 
the composition of the ion-association complex is 
assumed to be Fe(TPTZ), (pL$. The isolated com- 
plex is heat-stable (m.p. 208 f I”), inert and hardly 
dissociated in aqueous solution. 

Choice of extractant 

It was found that the complex can be extracted into 
1,2-dichloroethane, chloroform and dichloromethane 
(DCM). The absorbance values for l,Zdichloro- 
ethane and DCM solutions were higher than those 
for chloroform solutions. DCE was selected because 
it is less volatile than DCM. 

Effect of reagent concentrations 

The effect of the concentration of TPTZ and 
picrate on the formation and extraction of the com- 
plex was examined by measurement of the ab- 
sorbance at 600 nm. Figure 2 shows that with 10 ml 
of 1.0 x lo-‘M TPTZ a constant and maximum 
absorbance is obtained for 10 pg of iron with 2.5 ml 
or more of O.OlM picric acid. However, a volume of 
4.0 ml of O.OlM picric acid was used in all subsequent 
experiments. An excess of picric acid increases the 
extraction rate and permits larger amounts of foreign 
cations to be tolerated. 

With the volume of picric acid solution fixed at 
4.0 ml, the volume of 1.0 x lo-‘M TPTZ was then 
varied. Figure 3 shows that the absorbance was 
constant when more than 2.0 ml of 1.0 x lo-)M 
TPTZ was used. For subsequent work lo-ml portions 
were used because consumption of TPTZ was evident 
when foreign cations were present in the sample. The 
excess of picric acid and TPTZ did not affect the iron 
complex. 

0.4-- 

?! 
: 
5 0.2-- 

9 

0.0 I 
0 1 2 3 4 

l.Ox16'M picrate solution (ml) 

Fig. 2. Effect of picrate concentration on formation and 
extraction of the complex. Absorbance measured at 600 nm 
against a reagent blank; 10 pg of iron; 1 ml of 10% 
hydroxylammonium chloride solution; 1 ml of buffer, 10 ml 
of lo-)MTPTZ, aqueous phase volume 100 ml, DCE 10 ml. 
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Fig. 3. Effect of TFTZ inanition on the formation and Fig. 4. Effect of pH on the formation and extraction of the 
extraction of the complex. Absorbance measured at 600 nm complex. Absorbance measured at 600 nm against reagent 
against a reagent blank; 10 pg of iron, 4 ml of O.OlM picric blank, 10 pg of iron, 10 ml of 10W31M TPTZ, 4 ml of O.OlN 

acid, other conditions as for Fig. 2. picric acid, other conditions as for Fig. 2. 

Eff”ecf of pH 

The effect of pH on the fo~ation and extraction 
of the ion-association complex was examined at 
600 nm with a sample containing 10 pg of iron, and 
the other conditions kept constant. The absorbance 
was at a maximum at pH 4.0-7.0 (Fig. 4). At 
pH < 4.0, formation of the ion-pair was incomplete 
owing to protonation of the picrate, and pH 5.0 was 
chosen as optimal. 

Other reaction conditions 

As the volume of organic phase is small compared 
with that of the aqueous phase, it was essential to 
study the effect of the aqueous phase volume on 
the extraction. The absorbance of the organic phase 
was found to be constant for aqueous/organic phase 
volume ratios ranging from 2 to 20. The minimum 
shaking time for complete extraction of the complex 
into DCE was found to be l-2 min at room tempera- 
ture and no change was observed when the shaking 
time was varied from 0.5 to 10 min. 

Beer’s law, sensitivity and precision 

A straight line passing through the origin was 
obtained for the calibration graph. At 600 nm 
Beer’s law was obeyed for iron concentrations of 
O-2.5 pg/ml in the organic phase, which corresponds 
to o-O.25 ,ug/ml in the aqueous phase when 
VW/VO, = 10. The apparent molar absorptivity was 
calculated to be 2.2 x lo5 1. mole-‘. cm-r. The Stan- 

2 
1 

4 6 0 10 

PH 

dard deviation (8s) for ten independent measure- 
ments of the reagent blank absorbance was 0.003. 
The slope of the calibration graph (S) was 4 ml/pg, 
The theoretical limits of detection and quantification 
(c = K&/S), with K = 3 and K = 10, respectively,lsJ6 
were found to be 2.3 and 8 ng/ml. According to this 
criterion the region of non-detection is ~2.3 ng/mI; 
detection region 2.3-8.0 ng/ml; region of quantifi- 
cation ~8.0 ng/ml. The relative standard deviation 
for 0.10 ,ug/ml iron was 1.2% (ten independent 
determinations). 

A noticeable increase in the sensitivity was ob- 
tained by using not more than 5 ml of extractant but 
Beer’s law was then not obeyed above 1 .O ,ug/ml iron 
in the organic phase, because the absorbances were 
very high. 

Eflect of foreign ions 

The selectivity was investigated with 0.1 &ml iron 
solutions with various con~ntrations of foreign ions. 
The tolerance limits given in Table I are the concen- 
trations that cause an error of not more than 2% in 
the absorbance. The alkali and alkaline-earth metal 
ions and most common anions are tolerated even 
when present in large amounts. For the other metal 
ions tested, the tolerance levels in Tabk 1 apply 
provided that sufficient TPTZ and picrate are present. 

Amongst the masking and complexing agents 
examined, only EDTA and cyanide interfered. EDTA 
interferes at all levels, and when cyanide is present the 
full colour takes 2 hr to develop. 

Table 1. Tolerance limits for diverse cations and anions in determination of 10 pg of iron 

Cation Tolerance Anion or species Tolerance 
added limit, pg/tGQ ml added limit, mg/lOU ml 

Ca*+, Al’+, Mn2+, Mg*+ 1000* Cl-, Br-, SCN-, Sq- 500’ 
Sra+ Cd*+ Na+ K+ 
Ag+’ ’ ’ 

NO;, tartrate 
700 300 

Cr3+ 
S,O$- 

600 Thiourea, citrate 100 
Zn2+ 350 Thioglycollate 50 
cur+ 100 
Co2+, Ni*+ 

c2o.Y 

50 PO:-, NO; :: 
F- 17 

*Maximum tested. 
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Fig. 5. (a) First-derivative spectra of DCE extract of the Fe-TPTZ-pit complex measured against a 
reagent blank; aqueous phase iron concentrations &g/ml) (A) 0.012, (B) 0.024, (C) 0.036, (D) 0.048; all 
other conditions as in text; scan-speed 100 nm/min, IO-mm cells, A1 = 2.0 nm. (b) Absorption spectrum 
of DCE extract of the Fe-TPTZ-pit complex measured against a reagent blank. All other conditions as 

in text, but aqueous phase iron concentration 0.048 fig/ml. 

Sensitization by derivative spectrophotometry 

Derivative spectrophotometry is highly effective 
for enhancing the sensitivity.‘“19 Figure 5 shows 
an ordinary absorption spectrum and some first- 
derivative spectra for different iron concentrations. 
The vertical distance (II) from the maximum to the 
minimum of the derivative spectrum was measured 
and was found to be a linear function of the original 
iron concentration in the aqueous phase. The stan- 
dard deviation of the blank was 0.07 mm and the 
theoretical limits of detection and quantification were 
found to be 0.7 and 2.3 ng/ml, respectively. ’ 

Ten standard solutions containing 0.015 pg/ml 
iron were analysed and the results gave a relative 
standard deviation of 0.5% (95% confidence level). 

Application of the method 

To confirm the usefulness of the proposed method 
it was applied to the determination of iron in analyti- 
cal reagent-grade metal salts and biochemical, bio- 
logical and other samples. 

Determination of iron in analytical-reagent grade 
metal salts. A known amount of the sample was 
dissolved in dilute acid or water and diluted to an 

Table 2. Determination of iron in analytical-reagent grade salts 

Iron content found*, % 

Sample 

Aluminium 
nitrate 

Ammonium 

Sample Nominal maximum Proposed 
No. iron content, % method 

1 0.001 0.0020 
2 0.002 0.0011 
3 0.002 0.0022 

1 0.0005 0.0003 

Phenanthroline 
picrate 

method” 

0.0019 
0.0011 
0.0024 

0.0003 

*Averages of three separate determinations. 
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Table 3. Determination of iron in biochemical samples 

Iron found,* mg 

Proprietary name and 
manufacturer 

Iberol Gradumet (Abbot) 
Natabec (Parke Davis) 
Teregran-M (Squibb) 
Ferronicum (Sandoz) 
Heliofer (La Roehe) 

Nominal 
content, mg 

105 
30 
15 
23.16 
27.5 

Proposed 
method 

Phenanthroline 
picrate 

methodi 

104.9 104.4 
29.6 29.8 
14.8 14.6 
23.2 23.2 
27.7 27.3 

*Averages of three separate determinations. 

Table 4. Determination of iron in various materials 

Iron content found,* mgll. or mglkn 

Sample 
Sample Phenanthroline 

No. Proposed method picrate method’* 

Red wine 
: 
3 

White wine 
: 
3 

Human hair 
: 
3 

Pine leaves 
: 
3 

Citrus leaves 1 
* 

; 

Wheat flour 1 
2 
3 

6.5 
6.0 
5.8 

2.9 
2.9 
1.8 

122 
129 
130 

27.5 
20.6 
23.7 

35.9 
34.8 
32.0 

6.4 
6.0 
5.9 

2.9 
2.8 
1.9 

125 
129 
129 

28.3 
21.0 
24.0 

35.9 
34.9 
32.2 

5.5 5.5 
5.4 5.5 
5.1 5.2 

*Averages of three separate determinations. 

appropriate volume, and iron was determined by the and 1 ml of 2M hydrochloric acid containing 10% 
proposed procedure. The results were compared with trichloroacetic acid in a test-tube and shake the 
those obtained by a method previously reported’* (see 
Table 2). _ 

mixture for 20 min. Let stand for 5 min, then transfer 
the supematant liquid into a centrifuge tube and 

Determination of iron in pharmaceutical formu- 
lations. A weighed amount of the sample was trans- 
ferred into a Kjeldahl flask and heated gently with 
a mixture of concentrated nitric and sulphuric 
acids (10 + 1) until charring commenced. Dropwise 
addition of concentrated nitric acid and boiling were 
continued until either a colourless or a pale yellow 
solution was obtained. This solution was diluted 
to an appropriate volume. A blank digestion was 
conducted in the same way. An aliquot of the sol- 
ution was taken and Fe(I1) was determined by the 
proposed procedure (see Table 3). 

Determination of iron in biological materials. Leaves 
from different trees were cut into small pieces, oven- 
dried at 90” for several days, and then pulverized. The 
organic matter was destroyed as above. The results 
are summarized in Table 4. 

Determination of iron in human serum. The serum 
samples were prepared as follows. Place 1 ml of serum 

Table 5. Determination of iron in human serum by the 
first-derivative spectrophotometric technique 

Iron content found, ~gcg/lOO ml 

Sample No. Proposed method Other methods 

1 175 165a 
2 155 185a 
3 188 162a 
4 56 63a 
5 48 42a 
6 80 97b 
7 67 93b 
8 39 53b 
9 36 50b 

10 44 67b 
11 88 9Oc 
12 65 67c 
13 89 92c 

a AAS. 
b Giovanniello and Pecci.2” 
c Carter.*’ 
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centrifuge for 20 min at 3000 rpm. Place 1 ml of the 
supernatant liquid in a 125-ml separating funnel, 
and follow the general procedure, but use only 5 ml 
of DCE as extractant. Measure the first-derivative 
spectrum. The results are given in Table 5. 

The relatively large discrepancy between the values 
obtained by the proposed method and the ferrozine 
method for samples 6-10 (Table 5) can be attributed 
to the high copper contents of the reagents used when 
the method of Giovanniello and Peccizo was em- 
ployed. In this method, copper produces severe inter- 
ference, which can be a potential source of error. In 
contrast, the TPTZ/picrate method avoids this draw- 
back because the copper does not interfere in the 
derivative spectrophotometric technique. 

Furthermore, it was observed that in the ferrozine 
method as modified by Carter2’ by use of a mixture 
of ferrozine and neocuproine, the interference pro- 
duced by copper is minimized. The results obtained 
by this method are in good agreement with those 
obtained by the proposed method (Table 5, samples 
11-13). In the Carter method the reducing agent is 
added 5 min prior to protein precipitation to ensure 
complete reduction to iron(I1). Ryall and Fielding 
report that Fe(III), but not Fe(II), is co-precipitated 
with serum proteins by trichloroacetic acid.22 For 
samples 1 l-13, the same conditions were used for the 
deproteination step in both methods. 

CONCLUSIONS 

The sensitivity and selectivity of TPTZ for iron(I1) 
determination, as well as the stability of the complex, 
have been further improved by the introduction of a 
third component which increases the delocalization of 
electrons in the complex by interaction of the x 
systems of the organic reagents. This results in a 
greater molar absorptivity and a relatively longer 
wavelength of maximum absorbance. Moreover, as 
the ion-association complex can be extracted into an 
organic solvent and concentrated, the increased sensi- 

tivity makes possible iron determination at lower 
levels. The method is further sensitized by use of 
derivative spectrophotometry. 
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Snmmruy--Astabilized-temperatureplatfonnfurnace/atomic-abso~tionspectrophotometric(STPF-AAS) 
method has been developed for the determination of tin leached from lead/tin-soldered copper pipes. The 
method involves the use of a modifier composed of diammonium hydrogen phosphate, magnesium nitrate 
and nitric acid. Aqueous tin standards in the composite matrix modifier are used for calibration. The 
characteristic mass and detection limit (three standard deviations of the blank) for peak-height 
measurement of tin are 5 pg and 1.7 pg/l., respectively. The corresponding peak-area values are 26.8 pg 
and 12.8 fig/l., respectively. The accuracy, precision, and interferences (especially of sulphate) have been 
assessed. 

The direct determination of tin by graphite-furnace 
atomic-absorption spectrophotometry (GFAAS) has 
been fraught with problems such as volatilization 
loss, interaction with the graphite tube, and vapour- 
phase interference (especially from sulphate).‘” De- 
spite these difficulties, a few workers have attempted 
the direct determination of tin in water samples. 
Tominaga and Umezaki’ determined tin in some 
wastewater samples by GFAAS after matrix modifi- 
cation with 10% ascorbic acid solution. The addition 
of ascorbic acid minimized interference from the 
chloride, nitrate or sulphate of Al, Cd, Cr, Fe, Pb, Zn, 
Na, K and Mg. However, the use of a concentrated 
solution of ascorbic acid resulted in its rapid deposi- 
tion on the optical windows of the furnace assembly,s 
and also caused a build-up of carbonaceous residue 
within the tube,’ both of which produced erratic and 
it-reproducible results.’ Kaiser et ~1.~ used a L’vov 
platform, and ammonium dihydrogen phosphate as a 
matrix modifier in order to minimize matrix interfer- 
ences in the GFAAS determination of tin in natural 
water samples. Since they used peak-height measure- 
ment, the matrix interferences were not completely 
eliminated and they had to use the method of stan- 
dard additions in order to obtain reliable results. In 
addition, Pruszkowska et al.’ could not obtain a 
stable charring temperature plateau when using am- 
monium dihydrogen phosphate alone as a matrix 
modifier. They obtained the best characteristic mass 
(18 pg at 224.6 nm), the best charring plateau 
(6 lOOtI’), minimal interaction with the graphite sur- 
face and minimal interference from chloride and 
sulphate by using the stabilized-temperature platform 
furnace (STPF) and Zeeman background correc- 
tion.‘O.‘* These authors used a matrix modifier com- 
posed of diammonium hydrogen phosphate and 

magnesium nitrate in 1% v/v nitric acid. They did not 
extend their studies to the determination of tin in real 
samples, however. 

This paper describes a stabilized-temperature 
platform furnace atomic-absorption spectrometric 
(STPF-AAS) method using an (NH,),HPO,- 
Mg(NO,),-HNO, mixture as a matrix modifier for 
the determination of tin leached by water from 
lead/tin-soldered copper pipes. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer model 5000 atomic-absorption spcctrom- 
eter equipped with a microcomputer-controlled HGA-400 
graphite furnace, a deuterium arc background corrector, 
pyrolytic graphite L’vov platform, graphite tubes with a 
dense pyrolytic coating, an AS-40 autosampler, a Data 
System 10 in conjunction with an Anadex model DP-9OOlB 
Silent Scribe dot matrix printer to facilitate calculation of 
the integrated absorbance signals and study of the ab- 
sorbance profiles, a Hewlett Packard model HP 7470A 
graphics plotter, and a Perkin-Elmer hollow-cathode lamp 
operated at 25 mA and a resonance wavelength of 224.6 nm 
(spectral band-pass 0.7 nm) was used for the determination 
of tin. The HGA-400 furnace was equipped with an optical 
temperature sensor, and had a maximum heating rate of 
-2OOO”/sec. Argon was used as the purge gas and its flow 
was interrupted during atomization. The optimized furnace 
programme used is presented in Table 1. The injection 
volume was 10 ~1. Both peak-height and peak-area measure- 
ments were used. 

For some experiments, the graphite tubes and platforms 
were pretreated by soaking them overnight or for 3 days in 
a 7.8% aqueous solution of sodium tungstate dihydrate.* 
Prior to use, the tungstate-impregnated tubes and platforms 
were dried in an oven at 120” for 60 min and conditioned 
in the graphite furnace by use of the temperature pro- 
gramme. The heating cycle was repeated thrice. 

The leaching studies were done with flexible copper pipes 
(9 m total length and 1.25 cm diameter) which were soldered 
with 50% Pb/50% Sn wire-solder at 0.6 m intervals. There 
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Table 1. Optimized furnace temperature programme 

Temperature, Ramp Hold 
Step ‘C time, set time, set 

Dry 160 10 30 
Ash 800 10 20 
Atomize 2400 0 6 
Clean-out 2500 1 3 

were, in ali, 14 soldered joints in the 9-m long copper pipe. 
End-caps made of copper were slipped over the open ends 
of the copper pipes without any soldering. The copper pipes 
used as controls were not soldered. 

Reagents 
High-purity water was prepared as described in a previous 

publication. ‘* The tin content of the water was below the 
GFAAS detection limit (3 times the standard deviation of 
the blank) of 1.7 ng/ml (peak height), or 12.8 ng/ml (peak 
area). 

A certified atomic-absorption standard containing 1000 
mg of tin per litre was obtained from BDH. Fresh working 
standards of lower concentrations were prepared daily by 
serial dilution of the stock solution with 1% v/v nitric acid. 

A 10% aqueous solution of diammonium hydrogen phos- 
phate was prepared and purified as described elsewhere.r3 A 
5% solution of magnesium nitrate hexahydrate (Baker 
Analyzed Reagent) was prepared by dissolving the appro- 
priate quantity in high-purity water. 

All other reagents and solutions used were of the highest 
purity available. 

Leaching studies 
The soldered and non-soldered copper pipes were fXed 

with high-purity water, tap water, or well water as the Case 
might be. A separate pipe was used for each type of water. 
The pipes were closed with the end-caps. The samples were 
kept in the pipes for time intervals of 0.17 (- 10 min), 0.5, 
1, 3, 5, 7, 24, 72, 168 and 672 hr prior to collection of the 
leachates in precleanedI I-litre polyethylene bottles. 

Analytical procedure 
To 5 ml of water sample or leachate, 0.5 ml of 10% 

diammonium hydrogen phosphate solution, 0.1 ml of 5% 
ma~~ium nitrate hexahydrate solution and 0.2 ml of 10% 
v/v nitric acid were added and the mixture was made up to 
10 ml with high-purity water and agitated vigorously in a 
vortex mixer for 30 sec. An aliquot was transferred into a 
polyethylene sample cup of the autosampler. The cups 
containing the reagent blanks (consisting of the matrix 
modifier components as listed above, diluted to 10 ml), 
samples (or leachates), and calibration standards (0, 5, 10, 
20,30 pg/i. tin with matrix modifier as above) were arranged 
in the sample tray of the autosampler. The autosampler was 
switched on, and a lO-fil aliquot from a sample cup was 
transferred onto the L’vov platform, The tin in the sample 
was atomized according to ihe optimized furnace tempera- 
ture programme. The reagent blanks, samples and standards 
were prepared in duplicate and four replicate injections were 
made, making a total of eight me~u~ments for each. The 
eight peak-height or peak-area measurements were averaged 
and corrected for the reagent blank (which rarely exceeded 
a peak height absorbance of 0,005) Aqueous tin standards 
were used for calibration. 

RESULTS AND DISCIYSSION 

Choke of matrix modjier 

Figure 1 depicts the stabilizing effects of three ma- 
trix mo~fier~iammonium hydrogen phosphatc- 
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Fig. 1. Effect of ashing temperature on the peak-height 
absorbance of 25 pg/l. tin: 0, 5 g/l. (NH,),HFO, + 0.5 g/l. 
Mg(NOJ, +0.2% v/v HNO, (modifier A); A, 2 g/l. 
(NH&HpO,+ 0.4 g/l. (NH&&O, +2% v/v HNO, 
(modifier B); 0, 50 g/l. ascorbic acid $0.2 g/l. Fe (as ferric 

nitrate) (modifier C). 

ma~esium nitrat+nitric acid (A), diammoni~ 
hydrogen phosphate-ammonium dichromatc-nitric 
acid (B), and ascorbic acid-ferric nitrate (C)-on a 
25-rgji. aqueous solution of Sn(IV) with platform 
atomization (programme as in Table 1, but varied 
ashing temperature) and peak-height measurement. 
The superiority of matrix modifier A in terms of both 
thermal stability and sensitivity is evident. This 
modifier, originally proposed by Pruszkowska et al.,* 
stabilized tin at ashing temperatures < 1000”. Matrix 
modifier B, originally proposed by Pine1 et al.,s also 
stabilized tin at temperatures G lOOO”, but was less 
sensitive (characteristic concentrations, 0.50 pg/l. tin 
for A and 0.64 pgjl. tin for B). Matrix modifier CL5 
was the least satisfactory in terms of stability (narrow 
region 800-lOOO”), and sensitivity (characteristic con- 
centration, 1.28 pg/l. tin). 

Figure 2 illustrates the stabilizing effects of the 
three matrix modifiers under the conditions above for 

CHARRING TEMPERATURE, *c 

Fig. 2. Effect of ashing temperature on the integrated 
(peak/area) absorbance of 25 pg/l. tin: 0, modifier A; 

f3, modifier 8; A, 5% modifier C. 
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Fig. 3. Absorption profiles for 25 pg/l. tin: 1, modifier A; 2, 
modifier B, 3, modifier C. 

peak-area (integrated absorbance) measurements. 
The differences in sensitivity (characteristic mass, 
26.8, 20.8 and 22.9 pg/O.O044 absorbance.sec for 
modifiers A, B and C, respectively) were not as large 
as for peak-height measurements, because, the atom- 
ization efficiency of tin was less influenced by the 
nature of the modifiers when peak area was mea- 
sured. However, as shown in Fig. 3, the absorption 
profile for tin was sharper and less distorted with 
modifier A than with modifiers B and C. In addition, 
the use of modifier C caused the build-up of carbona- 
ceous residues on the platform, leading to erratic 
results. 

On the basis of these observations on peak-height 
and peak-area measurements, matrix modifier A was 
chosen for the STPF-AAS determination of tin in 
the leachate water samples from the Sn/Pb-soldered 
copper pipes. 

Both the peak-height and peak-area measurements 
were found to be independent of the concentrations 
of (NH,),HPO,, Mg(NO,), and HN09 when these 
were greater than 4 g/l., 0.5 g/l. and 0.1% v/v in the 
test solution, respectively. The signals were 15 and 
6% lower at 1 and 3 g/l. (NH,)HPO,, respectively, 
6% lower at 0.2 g/l. Mg(NO,), and 5% lower at 
0.05% v/v HNO,. The optimum concentrations were 
chosen as 5 g/l. (NH,)HPO,, 0.5 g/l. Mg(NOJ, and 
0.2% v/v HNOS in the solution injected. 

Furnace parameters 

The optimized dry-ash-atomize conditions for 
determining tin with use of the (NH,),HPO,- 
Mg(N09)2-HNOI, modifier were arrived at by system- 
atic variation of the temperature programme of the 
atomizer. At drying temperatures >200”, and with 
ramp and hold times of 10 and 30 set, there was 
splattering of the sample. As can be seen from Figs. 
1 and 2, no loss of tin occurred in the ashing 
temperature region of 600-1000” with ramp-hold 
times of 10-20 sec. The background absorbance 
ranged from 0.031 at 600” to 0.024 at 900” in the 
peak-height mode, and from 0.030 absorbanoesec at 
600” to 0.020 in the peak-area mode. (For these 
studies the atomization temperature was maintained 

at 2400”). Such a low background with regard to 
spectral interferences indicated that the ashing step 
could be omitted. It was found that the peak-height 
and peak-area values obtained without the ashing 
step and with drying and atomization cycles of 
160”/10-set ramp/lo-see hold and 2400”/6-set hold 
showed no significant difference from those obtained 
when an ashing step at 900” was used. However, the 
background was higher (peak height, 0.121 ab- 
sorbance; peak area, 0.129 absorbancesec), and the 
peaks were more distorted when the ashing step was 
omitted. The peak height and peak area signals for tin 
remained constant at atomization temperatures of 
2100-2400”. At other temperatures, the atomization 
of tin was less efficient. For example, the peak signals 
at atomization temperatures of 2600, 2500, 2000, 
1900 and 1800” were 90,97, 88, 76 and 52%, respec- 
tively, of those at 2100-2400”. 

Some workers’*2*‘“19 have sought to improve the 
sensitivity and precision, and decrease interferences, 
in the measurement of tin by pretreating non-pyrolyt- 
ically coated graphite tubes with carbide-forming 
elements such as W, Ta, Zr, MO and La. Therefore, 
it was of interest to see whether similar effects could 
be obtained by coating the pyrolytically-coated tubes 
and pyrolytic platforms with tungsten. The tungsten 
coating did not improve the thermal stability, and the 
optimum ashing temperature (< 1000’) was the same 
as for the pyrocoated tubes. The background ab- 
sorbance remained the same for tubes with and 
without tungsten coating. The tungsten coating de- 
graded the peak-height sensitivity for tin by 30% 
relative to that obtained with the pyrocoated 
tube-platform combination. The peak-area sensitiv- 
ity was practically the same for the pyrocoated and 
tungsten-coated tube-platform combinations, but the 
peaks obtained with the latter were highly distorted 
(Fig. 4). For these reasons, pyrocoated tubes and 
platforms were used throughout subsequent work. 

Interferences 

The matrix effects were studied by using the multi- 
element water standard supplied by the National 
Bureau of Standards (now known as the National 
Institute of Standards and Technology) as SRM 
1643b, and the Riverine Water reference material 

0.3 

1 

0 TIME (seconds) 2.5 
Fig. 4. Absorption profiles for 25 pgll. tin in modifier A: I, 
pyrolytically coated tube and pyrolytic graphite platform; 2, 

tube and platform as for 1 but coated with tungsten. 



1078 K. S. SULIRAMANIAN 

supplied by the National Research Council of 
Canada as SLRS-1. The multielement standard, 
SRM 1643b, is characterized with respect to a num- 
ber of trace metals (rig/g))) As 49, Ba 44, Be 19, Bi 11, 
B 94, Cd 20, Cr 18.6, Co 26, Cu 21.9, Fe 99, Pb 23.7, 
Mn 28, MO 85, Ni 49, Se 9.7, Ag 9.8, Sr 227, Tl 8, 
V 45.2 and Zn 66. The Riverine Standard, SLRS-1 is 
characterized with respect to a number of major and 
trace elements: Ca, Mg, K and Na, 25.1, 5.99, 1.3 and 
10.4 mg/l., respectively; Al, Sb, As, Ba, Cd, Cr, Co, 
Cu, Fe, Pb, Mn, MO, Ni, Sr, U, V and Zn, 23.5, 0.63, 
0.55, 22.2, 0.015, 0.36, 0.043, 3.58, 31.5, 0.106, 1.77, 
0.78, 1.07, 136, 0.28,0.66 and 1.34 pg/l., respectively. 
The slopes of the calibration graphs of peak-height 
absorbance vs. tin concentration for aqueous stan- 
dards and spiked SRM 1643b and SLRS-1, all con- 
taining modifier A at the recommended level, were 
0.0070, 0.0071 and 0.0074 respectively. The corre- 
sponding slopes for peak-area plots were 0.0015, 
0.0014 and 0.0014. Thus, there would be no interfer- 
ence from these cationic species in the determination 
of tin in unpolluted fresh waters and in drinking 
water. However, some of the leachate water samples 
studied were found to contain as much as 1.5, 1 .O and 
0.1 mg/l. Cu, Pb and Zn, respectively. A multielement 
solution containing 2,2 and 0.5 mg/l. Cu, Pb and Zn, 
respectively, was found to have no effect on either the 
peak-height or peak-area signal for tin. Thus the 
STPF-AAS determination of tin in the leachate 
samples should be free from interference by these 
metals. 

Several workers2~3~s~7~8~‘6~20 have shown that the pres- 
ence of sulphate almost completely suppresses the 
atomic-absorption signal of tin. All these studies 
were, however, restricted to sodium sulphate and 
sulphuric acid. Since the interference observed might 
have depended on the particular sulphate compound 
rather than the sulphate anion, the study was ex- 
tended to include ammonium, potassium, magnesium 
and calcium sulphates in addition to sodium sul- 
phate. The results in Table 2 show that ammonium 
sulphate enhances the signal, whereas the metal sul- 
phates have a depressive effect. Thus, the cation is 
also involved in the interference. These interferences 
were not affected by coating the pyrocoated tubes and 
pyrolytic platforms with tungsten. In any event, the 
sulphate levels in unpolluted fresh and drinking 
waters are usually less than the 500 mg/l. at which the 
interference becomes serious, and thus should not 
cause any problems with the determination of tin in 
these water samples by the proposed method. 

Humic acid was found not to cause any 
interference, when present at up to 10 and 20 mg/l, 
concentration, with peak-height and peak-area 
measurements, respectively. With 20 and 30 mg/l, 
humic acid, the peak absorbances were 51 and 74% 
higher than the value with O-10 mg/l. humic acid 
present. The integrated absorbance, on the other 
hand was 32% lower at 30 mg/l. humic acid than at 
O-20 mg/l. The humic acid concentration of drinking 
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Table 3. Precision at various concentrations of tin 

Within-run Day-to-day 

Tin precisiont precision§ 

concentration,* SD, RSD, SD, RSD, 
i&l. I&I. % /@il. % 

3 0.4, 14.3 0.4, 16.3 
5 0.4, 8.1 0.5, 10.0 

10 0.4, 4.3 O.69 6.9 
20 0.5, 2.7 0.7, 3.8 
40 0.7, 2.6 1.3, 3.5 

*Twenty-four pooled distilled, tap and ground water 
samples supplemented with the given tin values and the 
recommended level of modifier A. The peak-area signals 
were detectable only for the 20 and 40 p&l. supplements. 

tBased on 8 repetitive measurements. 
$Based on 15 measurements over a 5-day period. 

water samples is, in general, < 10 mg/l, and therefore 
should not pose a problem. 

Analytical parameters 

The sensitivity (concentration giving 0.0044 ab- 
sorbance), detection limit (concentration giving a 
signal three times the standard deviation of the blank) 
and the linear range for determining tin in the water 
samples (high-purity, tap, well or leachate water) are 
@g/l.) 0.5, 1.7 and 50, respectively, for a lo-p1 
injection and peak-height measurements. The corre- 
sponding peak-area values are @g/l.) 2.7 (26.8 pg 
characteristic mass), 12.8 and 50. The poor detection 
limits precluded measurements of tin below 2 and 20 
pg/l. by use of the peak-height and peak-area modes, 
respectively, but the sensitivity was sufficient for 
measuring the high levels of tin found in the leachate 
samples. 

Table 3 gives the within-run and day-to-day preci- 
sion for the determination of tin in drinking and 
leachate water samples. Considering the levels in- 
volved, the precision can be judged to be acceptable. 

In the absence of standard water samples certified 
for tin, only an indirect measure of accuracy could be 
obtained, by recovery and comparison studies. Table 
4 shows that the mean analytical recovery for tin in 
SRM 1643b, SLRS-1 and some water samples supple- 

Table 4. Recoverv of tin added to some water samdes* 

Tin added, Recovery of added tin, % 

H?cslr. 1643bt SLRS-15 Tap water Ground water 

5 103 f 6 106*3 98 f 3 94*3 
10 101 f 3 103*3 lOOf 

99I3 
96f3 

20 101 f 3 99k2 97I3 

*Concentrations of tin in the water samples were below the 
GFAAS detection limit. The samples were supplemented 
with the &en tin concentration and modifier A at the 
recommended level. Mean f standard deviation of five 
determinations. 

t1643b is the National Bureau of Standards multielement 
water standard reference material. 

BSLRS-1 is the riverine water standard reference material 
supplied by the National Research Council of Canada. 

Table 5. Comparison of two methods for determination of 
& in selected leachate samples* 

Average concentration of tin, pgcgl1.t 

Sample Method A! Method B$ 

1 24.4 f 0.3 24.4 f 0.4 
2 28.8 f 0.9 29.5 f 0.5 
3 38.4 f 0.7 37.9 + 0.8 
4 32.8 f 0.8 33.7 f 0.7 
5 44.6 f 0.2 45.1 + 0.4 
6 96 f 3 105 * 2 
7 100*3 113 f 3 
8 226&4 250 k 3 
9 318+ 11 346 f 6 

*The leachate samples were distilled, tap or well water in 
contact with the Pb/Sn-soldered copper pipes for various 
time periods. 

tMean f standard deviation of 3 determinations. 
PPresent method, with matrix modifier A. 
tPine1 er al. method’ with matrix modifier B. 

mented with various levels of tin is satisfactory. In 
Table 5, the proposed method is compared with the 
modifier B/GFAAS method of Pine1 et al.* for the 
determination of tin in a number of leachate samples. 
A regression plot of the proposed method (y-axis) 
against Pine1 method (x-axis) gave a correlation 
coefficient of 0.9993; the regression equation was 
y = 0.90x + 2.06; and the 95% confidence limits for 
the intercept and slope were 2.1 + 7.7 and 
0.90 + 0.05, respectively. It is clear that the calculated 
slope and intercept do not differ significantly from the 
ideal values of 1 and 0, respectively, and thus that 
there is no evidence of systematic differences between 
the two sets of results.*’ 

Application to samples 

The proposed method was applied to the determi- 
nation of tin in a number of leachate water samples. 
Distilled, tap, or well water was allowed to stay in 
contact with soldered (50% tin/50% lead solder) 
copper pipes for time intervals ranging from N 10 min 
to 672 hr. The concentration of tin in samples 
withdrawn at the various time intervals was deter- 
mined by the proposed method. The results are 
shown in Table 6. Contact with distilled water did not 
release significant amounts.of tin from the soldered 
joints, but in the presence of tap, or ground water, 
significant amounts of tin were leached. In the case of 
tap water, the concentration of tin steadily increased 
from 37.8 pg/l. at 10 min contact to 255.9 kg/l. at 3 
hr contact, and decreased steadily thereafter to 62.5 
pg/l. within 3 days of contact. However, when tap 
water was in contact with the soldered copper pipes 
for 7 days, the concentration of tin leached was nearly 
1 mg/ml. In the case of ground water, the amount of 
tin leached steadily rose with time of contact up to 1.3 
mg/l. for 3 days of contact. When the water samples 
were in contact with the soldered joints for 7 days, 
however, only 0.5 mg/l. of tin was leached. The 
reasons for the haphazard leaching behaviour of tap 
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Table 6. Concentration of tin in distilled, tan and ground REFERENCES 
water leachates* _. - 

Concentration of tin, pg/i.l: 

Contact Distilled 
time, hr water Tap water Ground water 

% 20.4 f 0.2 37.8 f 0.1 22.3 & 0.0 
0.5 24.9 f 0.4 9&2 40.5 f 0.3 
1 18.6 f 0.3 121 f 2 30.6 f 0.3 
3 26.5 rt 0.7 256+3 114&2 
S 20.8 + 0.2 179*4 123f3 
7 19.1 * 0.2 18352 219&2 

24 33.2 k 0.1 157&2 281 *I3 
72 12.7 & 0.3 62.5 f 0.2 1270 f 18 

168 22.0 t_ 0.4 1072 f 24 512f3 
672 67.2 4 0.8 2OOf6 893511 

*The leachates were collected after the distilled, tap or 
ground water had been in contact with the FbjSn- 
soldered copper pipes for the stated time period. The tin 
in the control samples (i.e., the water samples left in 
contact with the unsoldered copper pipes) was below the 
GFAAS detection limit of I .7 pggll. (peak height), or 12.8 
pg/i. (peak area). 

TAverage f standard deviation of 3 measurements. 
#Refers to measurement immediately after the soldered 

copper tubes were filled with the water samples. There 
was a delay of about 10 min before the measurements 
were made. 

and ground water samples are not known. It is 
obvious from the results in Table 6 that the inorganic 
matrix constitu~ts of tap, and ground water samples 
considerably influence the extent of leaching of tin. 
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Sammary-The reciprocal derivative constant-current stripping signal of palladium at a mercury film 
electrode is increased, as in anodic stripping voltammetry (ASV), by a factor of ca. 80 if a certain amount 
of tin(R) is present in the stripping solution. This catalytic stripping phenomenon has been successfully 
used as a means of sensitivity enhancement in constant-current stripping determination of trace palladium. 
The limit of detection is 4 x 10-iOM at S/N = 3, which is about two decades lower than that obtained 
without tin(I1) present. Linear response was observed over the range 10-‘0-10-7M. This method has been 
applied to determine palladium in waste water and mineral samples. The experimental results support the 
postulated mechanism of signal enhancement, namely a chemical redeposition reaction occurring during 
the stripping, giving a cycle of stripping and deposition and thus increasing the stripping signal. 

Stripping analysis is one of the most sensitive, widely 

used, and cost-effective electroanalytical methods for 
the determination of many trace metals and an 
increasing list of non-metal species.1~2 However, one 
major limitation of stripping analysis is the restricted 
number of analytes for which sufficient sensitivity can 
be achieved in direct stripping analysis.2 One way to 
extend the applicability of stripping analysis is to 
enhance its sensitivity for some analytes by improving 
the preconcentration and/or stripping processes. A 
recent interesting method of achieving this goal, by 
Xu and co-workers,3” uses so-called catalytic strip- 
ping in which a chemical reduction reaction, pre- 
sumably taking place at the electrode surface, 
redeposits the stripped metal ions into the mercury 
film, thus enhancing the stripping signal. This scheme 
of stripping has been successfully used to increase the 
sensitivity for anodic stripping voltammetric (AS/) 
determinations of platinum,3 palladium,4~s tel- 
lurium”*’ and selenium.8 In principle, this catalytic 
stripping analysis is different from the direct coupling 
of stripping analysis with catalysis proposed by 
Reignier and Buess-Herman.’ 

Reciprocal derivative constant-current stripping 
analysis (RD-CCSA) is a recently developed tech- 
nique,” which increases the S/N ratio, sensitivity, and 

*Author for correspondence. 
TPresent address: Department of Chemistry, University of 

Texas, Austin, Texas 78712, U.S.A. 

resolution of normal chronopotentiometric stripping 
analysis (CPSA). In RDCCSA, the stripping transi- 
tion time (r) is converted into a transition peak 
(dt/dE),, the height of which is proportional to r.‘O 
Since a direct effect of the aforementioned in situ 
chemical redeposition on stripping is obviously an 
increase in the time needed for completion of strip- 
ping, it is expected that this method of sensitivity 
enhancement could also be used in CPSA and 
RD-CCSA. The present paper describes the success- 
ful combination of the redeposition technique with 
RD-CCSA for sensitivity enhancement in the deter- 
mination of trace palladium. A more detailed exam- 
ination and illustration of the mechanism for the 
sensitivity enhancement is also given. 

Determination of trace levels of palladium has 
received attention in recent decades, partly because of 
the increased industrial use of palladium-containing 
catalysts. Many analytical methods have been pro- 
posed, including spectrophotometry,“-I7 other spec- 
troscopic methods,1”20 and several electroanalytical 
techniques,4,5,21-24 e.g., polarography, potentiometry 
(ion-selective electrode), and stripping voltammetry. 
Despite their advantages in simplicity, low cost, and 
good selectivity, electroanalytical methods for palla- 
dium, including ASV, are often limited by their lower 
sensitivity, compared with that of spectrophotome- 
try. Therefore, a sensitivity enhancement is important 
to improve the electroanalytical methods in general 
for the determination of trace palladium. 
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THEORETICAL CONSIDERATIONS 

The theoretical aspects of the catalytic stripping 
phenomenon observed by Xu and co-workers can 
be outlined together with those of RB-CCSA as 
follows. 

The chemical processes in stripping analysis at a 
mercury film electrode can be symbolized as: 

Preconcentration: M”+ + ne ---+M (1) 

Stripping; M--%4=+ +ne (2) 

in which i, is the stripping current, M”+ is the metal 
ion in solution, and M represents the metal atom in 
the mercury film. In normal CPSA, the electrode 
potential is measured as a function of time, but dt/dE 
is measured in R13-CCSA.15 A ~tent~al-transi~u~ 
occurs as reaction (2) proceeds. The duration of the 
transition is proportional to the amount of M present 
in the mercury film, which is further proportional to 
the bulk concentration of M”+ available for precon- 
centration. This potential transient is converted into 
a dtfdE 8s. E peak in RD-CCSA.io If the M”+ ion 
stripped in (2) can somehow be redeposited into the 
mercury film sim~taneously during the stripping of 
M, a catalytic stripping cycle can be formed and, as 
a result, the stripping peak should be increased. The 
redeposition can be conducted chemically by addition 
of a reducing reagent (R) to the stripping solution. 
The criteria for choosing such a reagent are: (i) 
the~odyn~ic; the redox potential for the reductant 
(R/O) couple (E&o) should be more negative than 

ERn+,M, so that M”+ can be reduced by R; (ii) kinetic; 
the reduction reaction should proceed at a consider- 
able rate, otherwise the stripped M”* ions will be 
carried away by convective di&sional transport 
from the electrode surface before they can be 
redeposited; (iii) R should not be electrochemically 
reduced or oxidized during preconcentration or 

stripping, respectively, otherwise it will interfere with 
the measurement. 

Apparatus 

A Model DPSA-I electroanalyser (The Seventh 
Electronic Factory of Shandong, China), ‘e-equipped 
with a galvanostatic circuit, was used as the 
potenti~tat/~lva~os~t and E-(dt/dE) signal converter. I0 
The working reference, and counter electrodes were sfassy 
carbon [GC) @.I3 cm?, A&A&l, and platinum, 
respectively. The. GC disc elect&de was mom& on i 
X2-A rotator (The Seventh Electronic Factorv al 
Shandong, China): 

Reagents 

All chemicals were of analytical grade. Solutions were 
prepared with triply distilki water. 

Procedure 

The GC e&trade was polished with ahrmina powder 
before use. The mercury-film electrode was electro- 
deposited from 2.0 x 10e4M mercuric chloride at Ed = - 1 .O 
V. The oreconcentration of analyte in sample solutions in 

Pig. 1. RJ3-CCSA signals of palladium under different 
stripping conditions. Deposition conditions: 0.?M NaCi, 
0.3M HCI, I x W’M HgCls, and 5 x W8M Pd2+; 
Ed - 0.7 V for 4 min. Stripping conditions: (a) 3.5M HCIG,, 
0. I M HCI and 4 x 10w3M SnCl,; ia 10 PA, without prestrip 
ping; (b) as in (a) but with prestripping at 0 V for 1 min in 
the deposition solution; (c) 3.5M HClO, and O.lM HCl: .* . . . 

wttn prestnppmg. 

2 x IO-‘M w$‘/O.3M hydrochloric acid/O.fM sodium 
chloride was done with rotational velocity o = 2000 rpm 
and stripping was done in quiescent solution. A solution 
different from the sample solution was used for stripping; its 
composition depended on the palladium concentration 
(Table 1)‘ After pr~n~n~~on, the sotution was changed 
by switching efectrolytic cells. The working ektrode was 
washed with distilled water and air-dried between each 
preconcentration and stripping operation. 

The following procedure was used to dissolve the palla- 
dium-containing minerals and to separate the palladium 
from the interfering elements.” Dissolve 3 g of sample in a 
3: t V/Y mixture of concentrated sulphuric and h~dr~~o~c 
acids Heat the sampie sofution at-boiling ~rn~~tum for 
ea. 20 min; if there is still a residue. add 0.5-f ml of 40% 
w/w hydrofluoric acid to dissaive’ it. Continue heating 
almost to dryness. Let the vessel cool, add 15 ml of O.2M 
hydrochloric acid, 1 ml of dodecyl dithio-oxalic amide 
(0.02% in acetone) to complex PdZ”, and extract with three 
5-ml portions of vjv petroleum ether-chloroform mixture. 
Strip paliadium From the organic phase with four 4-ml 
portions of 8M hydrochforic acid and dihtte the combined 
extracts to a suitable standard volume. Use a suitable 
aliquot for analysis. 

RESULTS AND IMSCUSSION 

Agents which can reduce Pd2’ to the metal include 
tin(II), hydroquinone, ascorbic acid, and sulphite. It 
was observed that the RD-CCSA signal of palladium 
was increased to some extent by the presence of any 

I I t I I t 
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Fig. 2. Plot of stripping peak height vs. H$+ concentration 
during deposition. Conditions: 1 x lo-*M Pd*+; others as 

for Fig. l(b). 

one of these species in the stripping solution. The 
increase was highest for tin(I1). In addition, the 
electrochemical oxidation of tin(U) under certain 
conditions does not interfere with the stripping of 
palladium. Thus, tin(II), as used by Xu and co- 
workers, was also applied as the reducing reagent in 
this study. Since tin would be co-plated with 
palladium during preconcentration, a solution 
different from the preconcentration solution was used 
for stripping, and stannous chloride was added only 
to the stripping solution. 

Figure 1 depicts the effects of tin(I1) on the 
RD-CCSA signal of palladium preconcentrated from 
a 0.3M hydrochloric acid solution of 1 x lo-‘M 
H$+ and 5 x IO-*M Pd2+ at a mercury film elec- 
trode. In this figure, peak III is the stripping signal for 
palladium, which is barely affected by the addition of 
tin(I1). Peak II corresponds to the stripping of palla- 
dium amalgam (Hg,Pd).’ The height of peak II in the 
presence of tin(I1) (curve b) is about 80 times that 
obtained without it (curve c), which is as expected 
from the results obtained with ASV.“,’ The height of 
peak II in curve b is proportional to the bulk 
concentration of palladium, so it is used as the 
analytical signal. A mercury stripping peak (I) ap- 
peared just before peak II (curve a), which might 
interfere with the measurement of peak II if the latter 
is small. This interference can be avoided by selective 
removal of free mercury through controlled-potential 
prestripping because the stripping potential of mer- 
cury is more negative than that of palladium or 
Hg,Pd. A stripping curve (curve b in Fig. 1) without 
peak I was obtained by applying an electrode poten- 
tial of 0.0 V for 40-60 set in the deposition solution 
before changing the solution for stripping. 

Deposition conditions 

The supporting electrolytes for the preconcentra- 
tion of palladium in the sample solutions were 
sodium chloride and hydrochloric acid. The stripping 
peak reached a maximum when the concentrations of 

sodium chloride and hydrochloric acid were 0.4-1.6 
and 0.2-0.8M, respectively. 

Addition of mercury(I1) to the deposition solution 
was not only necessary for catalytic stripping but also 
improved the reproducibility of the stripping signal. 
Figure 2 shows that the height of peak II becomes 
constant and maximal when the [Hg2+]/[pd2+] ratio is 
greater than 5. The effect of [H$+] on the height of 
peak II is probably due to the co-deposition of 
mercury with palladium to form Hg,Pd. 

The composition for the deposition solution was 
accordingly chosen as 0.7M sodium chloride, 0.3M 
hydrochloric acid, and 2 x lo-‘M mercuric chloride. 

The height of peak II was at a maximum at a 
deposition potential (Ed) in the range from -0.65 to 
- 1 .O V. With E,, values more negative than - 1 .O V, 
the peak height was decreased because of evolution of 
hydrogen, which reduces the current efficiency for 
palladium deposition. At more negative Ed values, the 
chances are also greater for co-deposition of other 
metals present in the sample and/or impurities in the 
reagents. Hence, Ed = -0.7 V was chosen. Different 
deposition times were used for different palladium 
concentrations, as follows: 2 min for IO-‘M, 4 min 
for 10e8M, 10 min for 10e9M, 15 min for lo-“M. 

Stripping conditions 

The stripping solution consisted of stannous chlo- 
ride, hydrochloric acid, and perchloric acid. The 
effects of these individual components on the 
RD-CCSA signals were first studied independently. 

The tin(I1) concentration plays an important role 
in the signal enhancement. With other conditions the 
same, if [Sn(II)] was too high, the stripping transition 
merged with the oxidation wave of tin(I1); if [Sn(II)] 
was too small, the signal enhancement became negli- 
gible. Obviously, the optimal tin(I1) concentration for 
maximum signal enhancement depends on the bulk 
palladium concentration. In general, more tin(I1) is 
needed for higher palladium concentrations. How- 
ever, for palladium concentrations above lo-‘M, a 
decreased tin(I1) concentration is preferred, to in- 
crease the rate of stripping. 

The analytical signal first increased and then de- 
creased with increasing hydrochloric acid concentra- 
tion, which means that chloride may also be involved 
in the redeposition process. Since the concentration 
of hydrochloric acid was much lower than that of the 
perchloric acid in the stripping solution, the change 
in acidity caused by varying the hydrochloric acid 
concentration could be neglected. A possible explana- 
tion for the chloride effect is that this ion can complex 
both tin(I1) and tin(IV), and therefore influence the 
redox potentials of this couple. The stripping peak for 
Hg,Pd will be overlapped by the oxidation wave of 
tin(I1) in the absence of chloride. The complexation 
of tin(I1) by chloride shifts the oxidation potential of 
Sn(I1) to more positive values. However, too much 
chloride may make this potential too high, and thus 
decrease the catalytic effect. Again, the optimal con- 



Table 1. Optimal composition ranges of strip- during the stripping of Pd and Hg,Pd; in that case, 
ping solution for RD-CCSA determination of 

nalladium in the mesence of SdIIj 
the effective stripping current would be decreased, 
and the stripping signal increased according to 
Fig. 3. However, this possibility is excluded by the 
following considerations. First, the oxidation wave 

- 10-7 0.1-0.2 0.07-O. 12 3.0-4.0 
-10-8 

for tin(I1) at a mercury electrode in the presence of 
3.84.8 0.07-o. 12 3.0-4.0 

-10-9 OS-l.4 0.04-0.05 3.0-4.0 
chloride was observed only at a potential value higher 

_ lo-” 0.2-0.4 0.02-0.03 3.0-4.0 than those for Pd and Hg, Pd. Secondly, according to 
this explanation, addition of tin(I1) should also 
increase the stripping peak for Pd, but this is not the 

centration of hydrochloric acid is dependent on the case, as shown in Fig. 1. Thirdly, this mechanism 
palladium concentration. Higher palladium concen- cannot well explain the roles played by co-deposited 
trations need more chloride for the optimal signal mercury, and by tin(I1) and chloride in the sensitivity 
enhancement. enhancement. Furthermore, according to Fig. 3, since 

It was observed that the presence of perchloric acid is must not be smaller than 1 PA, the maximum 
in the stripping solution was necessary for a clean increase in stripping signal obtainable by reducing i, 
baseline to be obtained. The stripping signal was also is only by a factor of 2-4, but the observed signal 
greater with perchloric acid than without it, but increase due to tin(I1) is nearly lOO-fold. 
did not change much with variation of the acid On the other hand, the mechanism described in the 
concentration. theoretical section is consistent with the experimental 

It is clear that the effects of individual stripping results, e.g., the dependence of the signal enhance- 
solution components on the stripping signal are not ment on the concentrations of tin(I1) and chloride in 
independent of each other and are a function of the the stripping solution, and of mercury(I1) in the 
palladium concentration. To minimize the number of deposition solution. Therefore, the simultaneous 
experiments, the stripping solution compositions chemical redeposition mechanism briefly proposed in 
were optimized with an L, (43) orthogonal experi- the literature’s5 as an inverse chemical reaction for the 
mental design.s,25 The result is shown in Table 1. stripping process can be written as follows, which 

The dependence of the stripping peak height on should be independent of whether the stripping 
stripping current (is) is shown in Fig. 3. Higher peak is done under voltammetric or constant-current 
height is associated with smaller is, but too small a conditions: 
value of is also greatly broadens the peaks. In fact, 
i, should not be smaller than 1 PA, otherwise the 

stripping 
Hg,Pd - Pd2+ + 2Hgr+ + 6e (3) 

stripping process is too slow. It was observed that the 
proper value of is was independent of the palladium t 

concentration. Therefore, a 4-16pA (or 32-128 
redcpoartion @A/cm*) range of is was used. Pd2+ + 2Hg2+ + 3Sn2+ - Hg,Pd + 3Sn4+ (4) 

Mechanism of sensitivity enhancement Reaction (3) represents the stripping of palladium 

A possible explanation for the effect of tin(I1) on 
amalgam from the electrode surface and reaction (4) 

the palladium stripping signal, besides the one al- 
the simultaneous redeposition of palladium and mer- 

ready given, is that a small amount of tin(I1) may be 
cury by the reduction reaction with tin(I1). The 

electrochemically oxidized to tin(IV) before and/or chemical redeposition of Hg,Pd by reaction (4) thus 
increases the stripping signal resulting from (3). 
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Determination of trace palladium 

Linearity range. Calibration curves for the determi- 
nation of trace palladium in different concentration 
ranges were obtained under the optimal conditions 
described above. Good linearity was observed over 
the concentration range 10-‘0-10-7M. Figure 4 
shows the RD-CCSA signals for the blank and five 
standard palladium solutions at a concentration of 
lo-‘OM. 

Accuracy and detection limit. The RD-CCSA signal 
for 1.0 x lo-‘M palladium was measured 8 times in 

I I I I I I succession, with fresh stripping solution from the 
0 4 2 12 10 20 24 storage bottle each time. The relative standard devia- 

STRIPPING CURRENT MA tion was 6.2%. The limit of detection at S/N = 3 was 
Fig. 3. Plot of stripping peak height IX. stripping current. 4 x IO- “M with a deposition time of 15 min. This 

_ . . . . ^ _. ^ conanions_ as ror rig. 2. detection limit is comparable to that of ASV determi- 
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-0.4 -0.2 0 0.2 0.4 0.6 0.0 

ELECTRODE POTENTIAL V 

Q 

I I I I I I 
1.0 

Fig. 4. Catalytic stripping signals of palladium. Deposition 
time 15 min. Other conditions as for Fig. l(b). Pd*+ 
concentration, (a) 0.9 PM, (b) 0.8 pM, (c) 7 PM, (d) 6 PM, 

(e) 5 PM. 

nation of palladium with catlaytic redeposition,4*5 but 
much lower than that of normal CPSA and other 
electroanalytical methods. 

Interferences. The effects of twenty other elements 
commonly present in samples for palladium determi- 
nation were studied with 10 ml of a standard solution 
containing 0.021 pg of palladium. The results are 
shown in Table 2. Among these elements, As(III), 
Se(IV), Te(IV), Ir(IV), V(V), Au(II1) and Pt(IV) were 
found to interfere. These results are similar to those 
reported for ASV.3 Proper separation procedures 
need to be considered for the RD-CCSA determina- 
tion of palladium if there are interfering elements in 
the samples. 

Sample analysis. The feasibility of determining 
trace palladium by RD-CCSA with chemical re- 
deposition was tested by analysing several samples 
and comparing the results with those given by an 
independent method. 

The first was a wastewater sample drained from an 
oil-refinery where a palladium catalyst was used in 
petroleum processing. Determination of the palla- 
dium concentration in this type of sample is a direct 
method for monitoring catalyst loss and is of impor- 
tance in process control. Since the interfering ele- 
ments in this sample are very few, the analysis was 
done without prior sample separation. The results are 
shown in Table 3. 

Two mineral samples (copper-nickel and 
chromium-iron) were also analysed. These two min- 
erals are commonly used as sources of palladium. For 
these samples, separation of palladium from the bulk 
elements is essential. The separation procedures are 
described in the experimental section. The results 
from these analyses are also shown in Table 3. 

From Table 3 it can be seen that the concen- 
trations of palladium in the samples analysed by 
RD-CCSA are very close to those dbtained by 
spectrophotometry. 

CONCLUSION 

Catalytic stripping or stripping with chemical rede- 
position proves to be a good method of sensitivity 
enhancement for RD-CCSA as well as for ASV 
under similar experimental conditions. This tech- 
nique extends the applicability of RD-CCSA and 

Table 3. Determination of trace palladium by RD-CCSA in 
the oresence of SnlIIl 

Extraction/ 
spectrophotometry RD-CCSA 

Wastewater 1.6 pg/l. 1.4 jLg/l. 
Cu-Ni* 0.15 g/ton 0.13 g/ton 
Cr-Fe* 0.031 g/ton 0.034 g/ton 

*Standard samples from the Bureau of Mining Industry, 
Hunan, China. 

Table 2. Effect of other metal ions on the determination of 0.021 pg 
of palladium in 10.00 ml of solution by RD-CCSA in the presence of 

Sn(I1) 

Added, Pd Added, Pd 
Ion !Jg recovery, % Ion #? recovery, % 

Zn(I1) 25 100 Cr(II1) 25 93 
Cu(I1) 5 102 Fe(I1) 10 94 
Cd(I1) 102 Ag(I) 10 107 
Mn(I1) 

;: 
97 v(V) 0.5 103 

Sn(Iv) 25 104 Au(II1) 0.1 111 
In(II1) 10 103 Pt(IV) 0.1 113 
Sb(III) 5 104 Te(IV) 0.04 112 
Bi(II1) 101 Ir(IV) 0.02 107 
HgUI) :: z! As(II1) 0.02 107 
Pb(I1) 25 Se(IV) 0.004 108 
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ASV to determination of trace levels of palladium, 8. H. Xu, H. Zhang and S. Tang, ibid., 1983,4,36; Chem. 

which is conventionally considered unsuitable for Abstr., 1983, 98, 209250. 

stripping analysis.* These electroanalytical methods 9. M. Reignier and C. Buess-Herman, Z. Anal. Chem., 

should be complementary to other instrumental tech- 
1984, 317, 257. 

niques for palladium. The mechanism of catalytic 
10. X. Ruan and H. Chang, Talanta, 1988, 35, 861. 
11. R. K. Sharma, K. Shravah and S. K. Sindhwani, 

stripping proposed in the literature4s5 and illustrated Analyst, 1987, 112, 175. 

in more detail here is in good agreement with the 12. 0. L. Samorukova, Zavodsk. Lab., 1987, 53, No. 1, 7; 

experimental results obtained thus far. However, Chem. Abstr., 1987, 106, 148539. 

further research on this subject, especially on the 
13. C. Y. PO and Z. Nan, Tulanta, 1986, 33, 939. 
14. K. Kalinowski and Z. Marczenko, Anal. Chim. Acta, 

kinetics and reaction products, is still needed. 1986, 186, 331. 
15. K. Shravah, P. P. Sinha and S. K. Sindhwani, Analyst, 
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Summary-Many enzymatic reactions yield volatile products either directly or by cascade sequences, so 
it seems possible that head-space chromatography might be used to determine enzymatic activity. The 
activity of urinary kallikrein, as arginine esterase, has been determined in this way by using the 
N”-acetyl-L-phenylalanyl+arginine ethyl ester as substrate and measuring the ethanol yielded on 
incubation for 10 min at 30”, followed by quenching of the reaction. The method has been applied to 
aqueous solutions and urine. 

Enzymatic activity is commonly measured by using 
spectrophotometry, calorimetry, ion-sensitive elec- 
trodes, etc. to follow either disappearance of the 
substrate or appearance of a product. The spec- 
trophotometric methods require the presence of a 
chromophore, with concentration proportional to the 
enzymatic activity, and the chromophore must be 
obtained by ancillary reactions, which increases the 
analytical complexity and risk of errors. There may 
also be lack of sensitivity. 

The use- of ion-sensitive electrodes with biological 
systems is frequently problematic because of the 
complexity of the matrix, the response-time of the 
electrode, and sometimes inadequate sensitivity. 

The calorimetric methods allow direct analysis of 
the enzyme-substrate system but again may not be 
sensitive enough and can be slow. 

As many enzymatic reaction systems yield highly 
volatile products, e.g., alcohols and aldehydes, it 
seemed logical to use head-space chromatography for 
assay of enzymatic activity. 

The technique is widely used for determination of 
ethanol in blood in connection with driving offences, 
and in many other applications.‘-l2 To evaluate the 
feasibility of this approach, the determination of 
urinary kallikrein as arginine esterases was investi- 
gated. 

The kallikrein can interact, as esterases, with differ- 
ent substrates: N’-tosylarginine methyl ester” and 
[‘I-I)-N-tosylarginine methyl ester,r4 from which 
methanol is obtained; N”-benzoyl+arginine ethyl 
ester” and N”-acetyl-r.-phenylalanyl+arginine ethyl 
ester,‘“‘* from which ethanol is obtained; p-valyl- 

L-leucyl-L-arginine-p-nitroanilide,’g from which p- 
nitroaniline is obtained; L-prolyl-L-phenylalanyl+ 
arginine-a-naphthyl ester,” from which a-naphthol is 
obtained. 

As the slope of the calibration graph for methanol 
is lower than that for ethanok2’ we have chosen 
N”-acetyl-L-phenylalanyl-t.-arginine ethyl ester 
(AcPheArgOEt) as the substrate. 

Methods already described for the determination 
of kallikrein include direct determination by radio- 
immunoassay (RIA),22 activity determination as kini- 
nogenase,2@24 peptidase,25 or esterases,2”28 radial 
immunodiffusionB and biological assays.2g-32 

The most sensitive is RIA, which has a detection 
limit of 0.05 ng, but this method requires labelled 
systems and suffers from immunological competitive 
reactions. 

Among the other methods the more sensitive are 
those based on determination of kallikrein as es- 
terases. These methods are spectrophotometric, so 
they need chemical or enzymatic reactions to give a 
chromophore. Head-space chromatography avoids 
the use of these reactions and gives direct determina- 
tion of the alcohol produced enzymatically when 
kallikrein is determined as esterases. 

AcPheArgOEt has been selected as the substrate 
because it has been shown”*” to be a better substrate 
than the simple arginine a-N-acylates for kallikrein 
and gives a higher sensitivity. 

The hydrolytic activity of human urine towards 
this substrate has been shown to be mainly due to 
kallikrein;16 the contribution of urokinase is normally 
negligible. 35 Owing to the presence of a potent 
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i~psin-inhibitor capacity,36 trypsin or trypsin-like 
enzymes cannot occur in active form in urine. 

Apparatus 
A Perkin-Elmer Sigma I gas-chromatograph equipped 

with an HS-6 head-space sampler was used, with a stainless- 
steel cohmn (200 cm long, internal diameter 2.7 mm) 
packed with 5% Carbowax 20M on Volaspher, 80-100 
mesh, and a Perk&Elmer Sigma 1 flame-ionization detec- 
tor. The column temperature was 150”, injector temperature 
170”, detector temperature 200”; the carrier gas was nitrogen 
at a flow-rate of 10 ml/min. 

Haake N.3-B ultrathermostats were used, and Visking 
20132 dialysis tubing (Scientific Instrument Centre Ltd, 
Leeke Street, London, England). 

Reagents 
a-~-A~tyl-L-phenylalanyl-L-ar~nine ethyl ester 

(AcPheArgOEt) (Bachem AG, Basel, Switzerland) 15.3 
mg/ml in distilled water; stored at O-4”. 

Human kallikrein (Calbiochem-Behring Diagnostics, 
Scoppito L’Aquila, Italy) was used to make 0.05,O. 10,O. 15, 
0.20,0.25,0.30,0.35 and 0.40 unit/ml standard solutions (1 
unit of kallikrein converts 1 hmole of AcPheArgOEt in 1 
min). 

Absolute ethanol for analysis (Merck) was used to make 
21, 42, 63, 84, 105 mg/l. standard solutions corresponding 
to ethanol concentrations of 3.0, 6.0, 9.0, 12.0 and 15.0 
&ml in the final volume of 1.4 ml. 

All these solutions were freshly prepared immediately 
before each series of analyses, after determination of the 
water content of the absolute ethanol. 

The buffer was made by dissolving 30.4 g of sodium 
pyrophosphate decahydrate, 8.2 g of semicarbazide hydro- 
chloride and 1.8 g of glycine in water, adjusting to pH 8.7 
with 20-24 ml of 2M sodium hydrazide and diluting to 1 
litre. 

The inhibitor was a solution of 1.44 g of zinc sulphate 
heptahydrate and 0.69 g of sodium nitrite in 10ml of 
distilled water. 

A pooled urine was prepared by collecting 3 Iitres of urine 
from healthy subjects. The urine was stored at 0” during 
collection and then dialysed to avoid any contamination 
with alcohol. An aliquot was heated at 70” for 1 hr to 
inactivate the kallikrein, then divided in MO-ml vessels and 
frozen at -20”. 

Urine sampling 
Urine samples (“24 hr samples”) were collected, with 

storage of each fraction at 0” after collection. Fifty ml of the 
24-hr sample were centrifuged at 3000 rpm for 30 min, then 
dialysed for 24 hr at 4” against a stream of distilled water. 
Finally, the samples were frozen at -20” or directly 
analysed. 

The dialysis eliminates the volatile substances present in 
the urine, that could interfere in the chromatographic 
analysis (Fig. 1). 

Calibration 
Calibration graphs are prepared with solutions of ethanol 

in water and in dialysed urine, by mixing 0.2 ml of standard 
solution, 1 ml of buffer solution, 0.1 ml of standard 
AcPheArgOEt solution and 0.1 ml of inhibitor in a vial, 
which is sealed, kept in a thermostat at 25” for 15 min and 
then in another at 60” for 30 min, and finally the alcohol is 
determined by head-space chromatography. 

The calibration of enzymatic activity is run in parallel 
either with aqueous enzyme solutions, or enzyme solutions 
in urine that has been dialysed and thermally treat& to 
inactivate the natural urinary kallikrein, giving a matrix 
similar to that of the analytical samples. The enzyme 
standard solution (0.1 ml) is mixed with 0.1 ml of distilled 

012345 
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Fig. 1. Chromatograms of (a) a nondialysed urine; (b) the 
same urine after dialysis; (c) a 50 mg/l. solution of ethanol 

in dialysed urine. 

water or thermally pretreated urine and 1 ml of buffer in a 
vial which is kept in a thermostat at 25” for 15 min. Then 
0.10 ml of AcPheArgOEt, also at 25”, is added, the vial is 
incubated at 25’ for exactly 10 min, and 0.10 ml of inhibitor 
is added to stop the enyzmatic reaction. The vial is then 
sealed, kept in a thermostat at 60” for 30 min to give a high 
distribution coefficient between the vapour and liquid 
phases, thus increasing the sensitivity, and the alcohol in the 
gas phase is finally determined. 

Analysis of samples 
The samples of dialysed urine are brought to 25’ in a 

thermostat to avoid thermal variations during the incuba- 
tion, especially when starting with frozen samples. One ml 
of buffer solution is added to 0.2 ml of mine sample in a vial, 
which is then kept for 15 min in a water-bath at 25”. Then 
0.10 ml of AcPheArgOEt is added, and the system is 
incubated for 10 min at 2.5”. Finally, 0.1 ml of inhibitor is 
added, and the vial is sealed and treated as for ~libration. 

For each sample a blank is run, consisting of 0.2 ml of 
urine, 1 ml of buffer and 0.1 ml of distilled water, which is 
treated the same as the sample, to detect any possible 
interference. 

DISCUSSION 

The mixture of zinc sulphate and sodium nitrite 
was chosen because it inhibits the enzymatic reaction, 
prevents oxidation of the ethanol to acetaldehyde, 
and increases the ionic strength, which is known to 
result in a strong salting-out effect, giving a higher 
concentration of ethanol in the vapour phase. 
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Table 1. Evaluation of accuracy and precision of the 
method, with different amounts of kallikrein added to 0.2 ml 

of reference urine 

Kallikrein Kallikrein 
Sample added, units found,* units Recovery, % 

1 none 0.023 & 0.0005 - 
2 0.010 0.032& 0.0006 95.0 
3 0.020 0.042& 0.0012 98.0 
4 0.030 0.052 f 0.0014 97.0 
5 0.040 0.062 f 0.0019 97.0 
6 0.050 0.072 f 0.0016 98.0 

*Mean f standard deviation. 

TO establish the efficiency of the inhibitor, two 
blanks were prepared: (a) 0.1 ml of standard enzyme 
solution (0.45 units/ml), 0.1 ml of distilled water, 1 ml 
of buffer; (b) 0.2 ml of dialysed urine, 1 ml of buffer. 
Both were kept for 15 min at 25”, then 0.10 ml of 
inhibitor and 0.10 ml of AcPheArgOEt solution were 
added to each in sequence. After 10 min incubation 
at 25” the systems were analysed for ethanol. No 
ethanol was found in either. 

To test for possible interference from the substrate 
or the enzyme solution, two more blanks were pre- 
pared: (a) a mixture of 0.2 ml of distilled water or 
thermally pretreated urine, 1 ml of buffer and 0.10 ml 
of enzyme solution, was kept at 25” for 15 min, then 
0.10 ml of distilled water was added; (b) a mixture of 
0.2 ml of distilled water or thermally pretreated urine, 
1 ml of buffer and 0.10 ml of distilled water was kept 
at 25” for 15 min, then 0.10 ml of AcPheArgOEt 
solution was added. The two blanks were then treated 
in the same way as the standard solutions. No ethanol 
was found in either. 

Calibration graphs 

The ethanol and enzymatic activity calibration 
graphs were linear, and the graphs prepared with 
aqueous standards and dialysed urine standards were 
practically identical. 

Accuracy and precision 

Known amounts of kallikrein were added to a 
sample of a reference urine and the amount of 
endogenous kallikrein in the sample was subtracted 
from the total found by the complete assay proce- 
dure. The mean recovery for five samples, each 
analysed five times, was 97%. Five levels of kallikrein 
were determined. The results are reported in Table 1. 

The method gives higher sensitivity than any of 
the others in the literature, except RIA, and also has 
very high specificity and higher precision. It is also 
simpler and does not require auxiliary chromogenic 
reactions. 

The detection limit is 0.5 ng of kallikrein, whereas 
that for RIA is 0.05 ng but there is the advantage that 
the technique does not require the use of labelled 
systems. 

The method can be automated and is cheaper than 
other methods. 

In general, head-space chromatography is a very 
promising technique for direct determination of the 
activity of enzymes that give volatile products or for 
indirect determination when the volatile species. are 
obtained by an enzymatic cascade. 

The technique can also be useful for working with 
very complex matrices, because by using capillary 
columns it is possible to separate other volatile 
substances that may be present in the matrix, and 
thus avoid any interference. 

Finally, head-space chromatography can be used 
as a monitor for immunoenzymatic reactions when 
the marker chosen is an enzyme that gives volatile 
products. 

The sensitivity of the method can be increased by 
one or two orders of magnitude by using enrichment 
precohunns to concentrate the enzymatic reaction 
product that will be released by thermal stripping. 
The sensitivity will then be of the same order as or 
better than that of RIA, and will have greater specifi- 
city. 
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Summary-The analytical use of the manganese(H)-catalysed oxidation of Malachite Green by sodium 
periodate has been evaluated by using the stopped-flow technique for the mixing of sample and reagents. 
Compared with its batch and flow-injection analysis counterparts, the proposed approach offers greater 
sensitivity, versatility and sample throughput, and greater selectivity than flow-injection analysis. 

Kinetic methods of analysis based on the catalytic 
roIe of metal ions offer a sensitive and reliable 
alternative for the determination of these species at 
the nanogram and subnanogram levels.’ Thus, one 
of the most sensitive chemical methods available for 
the determination of traces of manganese in solution 
involves its catalytic effect on the oxidation of organic 
dyes, as in the weIl-down Malachite Green (MG)- 
periodate indicator reaction. This reaction allows 
the determination of manganese at the ng/ml level, 
aIthough even lower concentrations can be deter- 
mined if the absorbance is measured after a long time2 
and an activator such as nitrilotriacetic acid3 is used. 
Because of its high sensitivity, this reaction has been 
used for the determination of manganese in various 
materials*~” and of aminopolycarboxylic acids by 
kineticsg and catalytic titration” methods. 

Despite the wide use of this reaction in kinetic 
analysis, it still poses some problems. For example, 
the reaction has an induction period and the determi- 
nation is time-consuming. Attempts have been made 
to overcome these drawbacks by using highly concen- 
trated solutions at higher temperatures,“.‘* but even 
under these extreme experimental conditions a single 
determination of manganese takes 20 min. Recently, 
this reaction was used in a flow-injection analysis 
(FIA) system. I3 Although the sampling rate was 
somewhat improved, only eight or nine samples could 
be analysed per hour. 

In the present paper, the stopp~-flow technique is 
used for the catalytic kinetic determination of man- 
ganese by means of this redox indicator reaction. The 
method allows the determination of sub-ng/ml of this 
metal ion and compares favourabiy with its batch’* 
and FIA” counterparts in terms of sensitivity, and 
particularly of sample throughput, which enhances its 
potential usefulness in routine analysis. In addition, 
the proposed stopped-flow method is more selective 
than the FIA method. 

Reagents 

EXPERIMENTAL 

All reagents were of analytical grade and solutions 
were prepared with doubly distilled water. A standard 
mangane~I1) solution was prepared by dissolving 1.00 g of 
pure manganese metal in the minimum volume of nitric acid 
(1 + 1) necessary and diluting to exactly 1 litre with 1% V/V 
nitric acid. Solutions of lower concentration were prepared 
by appropriate dilution. Stock MG (2.2 x lW4M) and 
sodium periodate (0. 1M) solutions were made by dissolving 
these chemicals in doubly distilled water. A buffer solution 
of pH 3.8 was prepared by mixing 50 ml of 2M sodium 
acetate with the appropriate volume of concentrated acetic 
acid and dilution to 100 ml. 

Apparatus 
Absorbance m~sur~ents were made on a Perkin-Elmer 

Lambda 5 spectrophotometer fitted with a device for 
stopped-flow measurements’4 and a microcomputer” for 
acquisition and treatment of kinetic data. 

Procedure 

Two solutions were prepared, for filling the drive syringes 
of the stopped-flow module, namely the sample solution, 
which contained between 2 and 2OOng/ml manganese(H) 
and 0.7 ml of O.lM sodium periodate, and the reagent 
solution, containing 2.5 ml of 2.2 x 10W4M MG and 4.0 ml 
of pH-3.8 buffer solution, Both solutions were diluted to 
volume with doubly distilled water in IO-ml standard flasks. 
The two solutions were mixed in the mixing/observation cell 
and the reaction was monitored by following the decrease 
in absorbance at 615 nm. The temperature was kept con- 
stant at 50 & 0.1” throughout the analysis. The absorbance 
0s. time curve, the intial rate measurements (determined 
over about the first 40 set) and the analyte concentration 
were automatically determined by the microcomputer 
system. 

RESULTS AND DISCUSSION 

The oxidation of MG by periodate is catalysed by 
traces of manganese(U). The reaction was applied 
here to the dete~ination of manganese by using the 
stopped-flow technique for mixing the sample and 
reagents, in order to compare its performance with 
that of its batch” and FIA” counterparts. 
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Fig. 1. Typical absorbance us. time plot obtained by the 
stopped-flow technique for 25 ng/ml manganese. Conditions 

as described in procedure. 

Figure 1 shows the absorbance vs. time profile 
obtained for this reaction under the conditions out- 
lined in the procedure. No induction period is ob- 
served, and the initial rate (slope of the initial portion 
of this plot) can be determined from the first minute 
of reaction time. This enhanced reaction rate (the 
other two methods measure the signal only after some 
minutes) allows the application of the method to 
routine analyses with a higher sampling frequency. 
Similar enhancement has been found in our labora- 

1 

tory for other slow reactions when used with the 
stopped-flow technique.16 

Effect of variables on the analytical procedure 

The slopes of the absorbance/time curves at differ- 
ent temperatures (Fig. 2A) show that the initial rates 
of both the catalysed and the uncatalysed reaction 
increase with temperature, but the former starts to 
level off at 50”. As the differences between the initial 
rates were nearly the same between 50 and 60”, a 
reaction temperature of 50” was chosen, which hap- 
pens to be the temperature used for the other two 
procedures already mentioned.‘*.‘.’ However, as the 
connecting tubes between the drive syringes and the 
mixing/observation cell were immersed in the thermo- 
stat at the working temperature and only a small 
volume (0.2 ml) of each solution was delivered in the 
analysis, the reaction ran at full rate immediately, 
whereas in the batch I2 and the FIA13 methods there 
is a pseudo induction period because the reaction rate 
accelerates as the reaction mixture is heated to the 
temperature of the thermostat, with a consequent 
increase in reaction time and reduction in sample 
throughput. 

The initial rate was found to increase with con- 
zentration of MG (Fig. 2B). As pointed out in the 
iterature, high concentrations of MG prevent the 
occurrence of an induction period in this catalysed 

60 

40 

20 

(0) 

3b 40 50 so 
Trmperature , OC 

lo-_!; , p 

2.0 30 4.0 5.0 

PH 

Fig. 2. Influence of reaction variables on the initial rate. (A) Effect of temperature: (0) catalysed reaction, 
(a) uncatalysed reaction; (B) effect of MG concentration; (C) effect of periodate concentration; (D) effect 

of pH. [Mn*+] = 15 ng/ml. Other experimental conditions as in Fig. 1. 
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Table 1. Comparison of the figures of merit of the proposed stopped-flow 
methods with their batch and FIA counterparts 

Sample 
Dynamic range, Sensitivity, Precision, throughput, 

Method a&l see-‘.ng-’ % samples /hr 

stopped-flow* 0.5-100 2.4 x lo-’ 2.1 25 
stopped-flowt 0.1-15 1.2 x 10-j 30 
Batch4 0.1-10 1.5 x lo-’ 3 
FIAi 0.25-100 - 8-9 

Table 2. Comparison of the selectivity towards some foreign ions in the 
determination of manganese by stoooed-fiow, batch and FIA methods 

*Without NTA. 
tWith NTA. 
§From reference 12. 
IFrom reference 13. 

reaction,i2~i3 but the initial absorbance is then very 
high (about 2.0) and the initial decrease in the 
absorbance is not precisely measured; that is why an 
absorption plate was then used instead of water 
as the reference in the absorbance measurements. 
In the proposed stopped-flow system the mixing/ 
observation cell was a commercial flow-cell of 0.33- 
cm path-length which allowed use of concentrated 
MG solutions without problems in the absorbance 
measurements. An MG concentration of 5.5 x 
lo-‘M (2.5 ml of 2.2 x lo-‘M reagent per 10 ml) was 
selected. 

The rate of the catalysed reaction did not depend 
on the periodate concentration above 5 x lo-‘M 
(Fig. 2C). The concentration chosen (0.7 ml of O.lM 
sodium periodate solution in 10 ml) was 7 x 10-3M. 
The rate of the catalysed reaction increased with pH up 
to around 3.5, above which it remained fairly constant 
up to 4.0 and then started to decrease again (Fig. 2D). 
The pH recommended in the procedure is 3.8. 

The sensitivity and limit of detection of the 
reaction were both improved by the presence of 
nitrilotriacetic acid (NTA), a well-known activator 
of manganese-catalysed reactions. A plot of initial 
rate vs. NTA concentration had a zero-order region 
for NTA concentrations above 2 x lo-‘M, so this 
concentration (2.5 ml of 1 x 10m3M NTA in 10 ml) 

was chosen. Under these conditions, the initial rate 
was increased by a factor of about 5. 

Analytical results 

The initial rates derived from absorbance-time 
curves for solutions containing various amounts of 
manganese(I1) under the optimum conditions, with 
and without NTA present as activator, were linearly 
related to the manganese concentration. 

Table 1 summarizes the analytical features of the 
proposed stopped-flow methods as well as those 
reported in the literature for the batch and FIA 
methods. In the stopped-flow methods, the concen- 
trations indicated are those in the reaction mixture at 
time zero after mixing; the slope of the calibration 
graphs in the linear range was taken as the sensitivity. 
The precision, expressed as the relative standard 
deviation, was obtained by analysis of 11 samples 
containing 5 ng/ml manganese, and the sampling rate 
was calculated from the time needed for three repli- 
cate analyses, including the time required to change 
the sample solution in the stopped-flow unit. 

All the figures of merit were improved when NTA 
was used. Compared with the batch and FIA pro- 
cedures, the stopped-flow methods offer greater 
sensitivity and sample throughput, and the ease of 

stopped-flow Batch? FIA§ 

Foreign ion Ratio* Error, % Ratio* Error, % Ratio* Error, % 

Al’+ 40 -1.4 33 -0.8 40 +5 
200 - 10.3 166 -6.5 100 -29 

Fe)+ 100 -0.7 33 -0.8 100 -7 
300 -0.9 333 -3.8 400 -23 

Fez+ 50 +2.5 4 0 
100 +11.7 10 -6 

cu2+ 200 -0.2 333 -0.8 200 -11 
300 -8.0 1666 -8.3 2000 -42 

Br- 4000 +1.8 333 +0.2 2000 +15 
10000 +5.5 16666 +6.8 10000 +26 

I- 20 +3.0 16 -1.2 10 +11 
100 +38.8 66 + 12.9 100 +29 

*Foreign ion/manganese w/w ratio. 
tFrom reference 12. 
$From reference 13. 
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control of the temperature and the use of water as the 
reference blank make the stopped-flow technique 
more versatile than the batch and FIA procedures. 

3. H. A. Mottola and C. R. Harrison, Talanta, 1971, 18, 
683. 

4. 

The selectivity was examined by testing the influ- 
ence of some ions known to cause interference in this 
reaction. For comparison with the results reported in 
the literature, the interference study was performed 
in the absence of NTA, at a manganese concentration 
of 5 ng/ml. The results are shown in Table 2. As can 
be seen, the stopped-flow method has a selectivity 
similar to its batch counterpart, and both are more 
tolerant to foreign ions than the FIA method. The 
presence of NTA would presumably further improve 
the se1e.ctivity.r’ 

5. 

6. 
7. 

8. 

T. Fukasawa and T. Yamane, Bunseki Kagaku, 1973, 
22, 168. 
T. Fukasawa, T. Yamane and T. Yamazaki, ibid., 1973, 
22, 280. 
T. Fukasawa and T. Yamane, ibid., 1975, 24, 120. 
T. Fukasawa, T. Yamane and T. Yamazaki, ibid., 1977, 
26, 200. 
H. A. Mottola and H. Freiser, Anal. Chem., 1967, 39, 
1294. 

9. 
10. 
11. 

H. A. Mottola and G. L. Heath, ibid., 1972, 44, 2322. 
H. A. Mottola, ibid., 1970, 42, 630. 
T. Fukasawa, S. Kawakubo and M. Mochizuki. 
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Summary-Trace amounts of uranium, europium and samarium can be determined by means of 
laser-induced fluorescence. The fluorescence emission and excitation spectra were observed by adding 
fluorescence enhancing reagents. The fluorescence lifetimes of these elements were also measured. The 
intensities of emission were found to be linear with respect to the concentration of the element over a wide 
range. The detection limits for U(VI), Eu(III), and Sm(II1) were established as 0.05, 0.1, and 10 ng/ml, 
respectively. The study suggested that this is a suitable technique for the trace determination of uranium 
and rare earth elements. 

Sensitive and direct detection of trace amounts of 
uranium and rare-earth elements has attracted con- 
siderable attentions in recent years.*-’ Trace analysis 
for uranium is important in geochemical exploration, 
pollution surveillance, and process control at mining 
or mill-site installations. Microquantities of euro- 
pium and samarium in nuclear materials are of great 
concern because their high cross-sections for thermal- 
neutron capture cause serious interference in fission 
reactors. 

Though polarography, spectrophotometry, X-ray 
absorption and emission spectrometry, radiochemical 
techniques, and atomic-absorption spectrometry are 
available for determination of these elements, most 
of the methods have some drawback or other. The 
applications of laser-induced fluorescence for detec- 
tion of these elements has recently been reported,4d 
and the detection limits have been greatly improved. 
Intense and sharp spectra are obtained which are 
characteristic of the metal ions and are relatively free 
from interferences. 

A sensitive technique was developed in this study, 
based on direct measurement of the fluorescence of 
uranyl and rare-earth ions in aqueous solution, 
excited by a pulsed nitrogen laser. The emission 
and excitation spectra, and lifetimes of the excited 
species were studied in the presence of a chemical 
enhancer, e.g., “Fluran” (Scintrex Ltd., Canada) and 
hexafluoroacetylacetone (HFA)/tri-n-octylphosphine 
oxide (TOPO). 

The principle of this method has been described 
elsewhere,‘,* so only a short outline will be given. 
Excitation at 337 nm with a small nitrogen laser 
induces the characteristic fluorescence of these ions in 
aqueous solutions. Any interferences due to the pres- 

*Author to whom correspondence should be addressed. 

ence of organic compounds can be discriminated 
by time delay and selection of proper wavelengths. 
Fluorescence at unwanted wavelengths can be 
blocked by a band-pass filter used for isolation of the 
fluorescence of interest. The temporal resolution of 
the fluorescence of organic molecules and that of the 
elements of interest is successful because the decay of 
most organic molecules is very fast (lifetime some few 
tens of nsec) whereas the lifetimes of the metal ions 
are typically some few tens or hundreds of msec. 
Triggering the integrated signal circuit with an elec- 
tronic delay controlled by the laser pulse allows the 
almost pure fluorescence of uranium and the rare- 
earth metals to be observed. 

EXPERIMENTAL 

Apparatus 
Excitation and emission spectra were measured with a 

Jobin Yvon YJ-3 spectrofluorometer with a spectral reso- 
lution of 1 nm for UOi+, Eu3+ and Sm’+ complexes, to 
establish the origin and yield of the characteristic lumines- 
cence. A detailed description of the apparatus has been 
given previously.’ A block diagram is given in Fig. I. The 
light-source used was a compact sealed nitrogen laser (Laser 
Science Inc. VSL-337) operated at a repetition rate of 10 Hz, 
40 kW output power, and 3 nsec pulse width. T’he laser 
beam was directed and focused by the mirror (M) and lens 
(L,) onto the sample cell (S). The fluorescence of a solution 
in the cell was collected by a lens (L2), isolated by a 
band-pass filter (F) and detected by a photomultiplier (HTV 
IP28A). A green filter (Melles Griot 03FIAOO3: 
500 < 1 < 540 nm) and narrow band-pass filters (ESCO 
Products Inc.; 607 < 1 < 617 and 556 < I < 565 nm) were 
used for measurement of UO:+, Eu’+, and Sm3+, respec- 
tively. The reference delay time and sampling gate width 
were adjusted to 15 and 400 psec. The amplified and gated 
fluorescence intensity signals from the PMT were integrated 
for 50 pulses, and then displayed on a panel meter which 
could be directly calibrated in concentration units. 

A gated integrater and boxcar averager (Stanford Re- 
search System SR-250) triggered externally by the trigger 
signal to the laser was used in detecting the time-dependent 
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Boxcar 
Averager 

Fig. 1. Schematic diagram of the experimental apparatus. 
M: mirror; L,, L,: focusing lenses; S: sample cell; 

F: bandpass filter; S,, S,: slits; T: light trap. 

fluorescence signal. The output signals of the boxcar aver- 
ager were digitized by an analogue to digital converter 
(SR-245) and fed into an IBM PC microcomputer. The 
response time of the detection system was 1 psec. 

Procedure 
All reagents were analytical reagent grade and used 

without further purification. Uranium standard working 
solutions’ were freshly prepared before use by diluting a 
stock solution with an appropriate acid, buffer and doubly 
distilled water. Stock solutions of Eu’+ and Sm3+ were 
prepared by dissolving the oxides in concentrated nitric acid 
and diluting with sodium hydroxide solution to obtain 
500 ml of O.OlM solution at pH 5. The stock solutions were 
serially diluted with acetic acid/sodium acetate buffer (at the 
optimum pH1° of 3). 

For uranium fluorescence enhancement 0.5 ml of Fluran 
solution was stirred with 3 ml of sample solution in the silica 
cell for 15 set before the measurement. For Eu’+ and Sm3+, 
3 ml each of sample solution, O.OOlM HFA in methylcyclo- 
hexane, and O.OlM TOP0 in methylcyclohexane were 

WAVELENGTH ( nm ) 

Fig. 2a. E@ssion spectra of 1000 ppm UOi+ (---), 100 . 

1 

shaken in a 15-ml glass-stoppered test-tube for about 15 set, 
the layers were allowed to separate for about 1 min, then 3 
ml of the upper layer were transferred into a sample cell. 

All glassware was carefully washed with nitric acid, then 
repeatedly rinsed with doubly distilled water. 

RESULTS AND DISCUSSION 

The fluorescence emission spectra (excited at 337 
nm) of uranium, europium, and samarium solutions 
are shown in Fig. 2a. The principal emission peaks 
which characterize the UO:+ fluorescence and the 
transition” ‘n,,-lZl are 494, 516 and 540 nm in 
Fluran solution. The sharp line emissions of certain 
lanthanide /?-diketonates are known to be dependent 
both on the substituents of the /?-diketonates and on 
the presence of adducts. In this study, the data show 
that europium and samarium in HFAjTOPO solu- 
tions form j-diketonates having relatively intense 
emission. In the emission spectrum of the /I-diketo- 
nate complex of Eu3+ in solution, the emisssion bands 
appear at 536 ( sDo * 2F0 transition), 59 1 (‘Do + ‘F, ) 
and 611 nm (2Do -B ‘F2). The Sm3+ emission spectrum 
consists of three groups of narrow emission bands in 
the regions near 562.5, 599 and 643 nm, correspond- 
ing to 4G5,2 -B 6H5,2, 4G,,2 + 6H7,2, and 4G,,2 --) 6H9,2 
transitions, respectively.‘2 

The ultraviolet region excitation spectra of UO:+ 
species in aqueous solutions are known,” but few 
attempts have been made to find those of Ed+ and 
Sm3+ jI-diketonates and to make lifetime measure- 
ments. In this study, we studied the excitation spectra 
of Eu3+ and Sm3+ in HFA/TOPO solution, illus- 
trated in Fig. 2b. The excitation spectrum shows that 
the nitrogen laser is a good excitation source for these 
elements. From the results given above, we suggest 

Xmm- 611 nm for Eu(lll) 

Aam= 562.5 nm for Sm(lll) :\ 

:: 
I I I 
: I 

WAVELENGTH (nm) 

IO 

Fig. 2b. Excitation spectra of 100 ppm Eur+ (---) and Sm’+ I \ ._. 
ppm Eu’+ (---). and 100 ppm Sm’+ (-) solution. (-1 somuon. 
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Table 1. Determination of uranium, europium, 
and samarium in Fluran and HFA/TOPO solu- 

tion (2, = 337 nm) 

A Et Tfi Detection range, 
Species nm wc wlml 

uw NO-5413 80 0.05-200 
Eu(II1) 607-617 800 0.1400 
Sm(II1) 556565 70 104000 

that uranium, europium and samarium in solution 
can be quantitatively measured from their distinctive 
fluorescences, by use of wavelength discrimination. 

The radiative lifetime of the laser-induced emission 
was measured for blank, uranium, and rare-earth 
elements solutions. Nanosecond laser excitation at 
room temperature produced relatively long-lived 
emissions. Typical emission signals are shown in 
Fig. 3. The fluorescence of a ~~ng/ml uranium 
solution containing Fluran decays exponentially with 
a half-life of about 80 psec; the half-life of a blank 
solution is less than 3 psec. The half-lives for Eu3+ 
and Sm3+ fluorescence in HFAITOPO solution were 
found to be about 800 and 70 p set respectively. These 
values are of the same order as those for the Eu’+- 
polymolybdate complex*3 and Sm3+-/3-diketonates.‘4 
We therefore suggest that the interference of short- 
lived fluorescence could be eliminated by detecting 
the long-live component after an appropriate delay 
time following excitation cut-off. 

The fluorescence intensities and lifetimes of the 
uranium and rare-earth species were all remarkably 
enhanced by using Fluran and HFA/TOPO. Fluran 
is a chelating and fluorescence-enhancing agent” and 
because of the high stability constant of its uranyl 
complex, it guarantees that the fluorescence measured 

always comes from the same species. The selective 
increase in the fluorescence intensity of europium and 
samarium in HFA/TOPO solutions must be con- 
nected with formation of ion-association or chelate 
complexes which absorb in the ultraviolet region 
and transfer energy to the lanthanide ions in that 
complex. l6 

The emission intensity was measured by integra- 
tion of the UO:+, Et?+, and SmZe emission bands at 
500-540, 607-617 and 556565 nm, respectively and 
was a linear function of the logarithm of the concen- 
tration over a wide range. The lower limits of detec- 
tion of uranium and europium, taken as twice the 
amount equivalent to the standard deviation of the 
~ck~ound signal, were 0.05 and 0.1 ngiml but that 
for samarium (10 ng/ml) was relatively high because 
of the poor emission. When a sample mixture con- 
taining UOi+, Eu3+ and Sm3+ is excited by a single 
wavelength of light, characteristic emission bands can 
be selected that are sufficiently well resolved to allow 
reasonably accurate analysis for all three species 
(Table 1). There was very low scattering from the 
HFA/TOPO solution and therefore a low detection 
limit. The relative standard deviation is 2-5%. 

Most other methods for determination of uranium 
and rare earths metals in solutions need a preconcen- 
tration step or even complete separation of each 
element. Separation lowers the detection limit be- 
cause of the enrichment factor, and eliminates inter- 
fering elements, but at the expense of analysis time 
and cost. Table 2 gives a comparative survey of the 
known direct methods. Most of these have detection 
limits that are too high for use in hydrogeochemical 
work. Laser-induced fluorimetric analysis is a good 
candidate for the determination of trace levels of 
uranium and rare-earth elements. 

Table 2. Comparison of direct methods for determination of uranium, europium and 
samarium 

Detection 
Detection Chemical limit, 

Element technique enhancer n&ml Method Reference 

U Fluorescence Fluran 0.05 Laser-induced 17 and 
fluorescent this study 

Fluorescence HrPO, 40 Spectrofluorimetry 18 
Track count - 0.1 Nuclear track 
Fluorescence Fluran 2 Xe lamp induced 

fluorescence 

Eu Fluorescence HFA/TOPO 0.1 Laser-induced this study 

Sm 

fluorescence 
Fluorescence Sodium S Spectrofluorimetry 2 1 

tungstate 
Fluorescence Potassium 4000 S~trofluo~met~ 22 

carbonate 
Absorption PART SO00 Spectrophotometry 3 

Fluorescence HFA/TOPO IO Laser-induced this study 
fluorescence 

Fluorescence Sodium 500 S~~ofluo~met~ 21 
tunastate 

Absorption PAR 5000 Spectrophotometry 3 

t4-(2Pyridylazo)resorcinol. 
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The time required for sample preparation is 3-4 
min, and only 20 see is needed for the measurement. 

The instrument is small in size (40 x 45 x 17 cm), 
light in weight, and ruggedly built, and is suitable for 
geochemical and environmental  field-work. 
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Summary-Several aqueous organic solvent systems have been investigated for the extractive separation 
of Xylenol Orange (X0), Semi-Xylenol Orange (SXO) and o-Cresol Red (CR). Four methods of 
determination of the extracted species were used. The best separation of CR and SXO was obtained with 
aqueous 1-butanol and of SXO and X0 with the OSM sulphuric-1-butanol system. 

Methods for the analysis of mixtures containing 
Xylenol Orange (X0), Semi-Xylenol Orange (SXO) 
and o-Cresol Red (CR) have been described previ- 
ously,‘J and can be used for monitoring the synthesis 
of X0 and SXO or quality control of the commercial 
reagents. The metal complexes of X0 and SXO differ 
considerably in their properties, so the results of their 
physicochemical or analytical investigation depend 
on the purity of the complexing agent used. 

Separation of the mixtures obtained in the synthe- 
sis of X0 or SXO is difficult, time-consuming and of 
low efficiency14 and a simple, rapid method would be 
welcome. 

The application of mixtures of 1-butanol and acetic 
acid as an eluent in column chromatography sug- 
gested that systems of this type might be useful in the 
extractive separation of X0. 

EXPERIMENTAL 

Reagents 

A commercial sample of CR was recrystallized from 
ethanol. SXO and X0 were separated and purified as 
described previously,‘,* and the products were free from CR. 
Any other impurities present did not absorb in the visible 
region of the spectrum (and their content did not exceed 
1%). Three of the commercial XOs used were from POCh, 
Poland, the fourth from BDH, England and the fifth from 
Merck, FRG. The SXO reagents used were obtained by 
synthesis3*’ but not purified. The contents of X0, SXO and 
CR in the reagents, determined as described previously,* are 
given in Table 1. 

Solutions used for extractions 
Because of the mutual solubilities of aqueous media and 

I-butanol, presaturation of the organic phase with the 
aqueous phase and vice versa, is necessary to avoid volume 
changes in the extraction systems. The presaturated butanol 
(Bw) and aqueous (Ws) phases were used for preparation of 
solutions of the extracted species, or for extractions. 

Five pairs of such solutions were used in the preliminary 
determination of the extraction coefficients of X0, SXO and 
CR. Other pairs of solutions used later were prepared 
similarly. 

*Formerly the Institute of Fundamental Chemistry. 

The methods for the determination of X0, SXO and CR 
in the mixtures investigated are outlined in Table 2. 

Method A (without neutralization of acids) can be used 
only for aqueous solutions of very low CR and acid 
concentrations. Neutralization is time-consuming and often 
leads to turbidity of the solutions that are to be measured. 

Method B is much more convenient than methods A and 
D for the determination of SXO and X0 in the presence of 
a very low concentration of CR. It needs only one solution, 
with a relatively high (3M) sulphuric acid concentration. 
The amount of sulphuric acid (n,), added in the preparation 
of the solution for the measurement of absorbance, is much 
greater than that introduced (a,) with the solution of the 
sample investigated (n&r, > SO). Therefore a constant 
amount of sulphuric acid can be used in preparation of the 
solutions for absorbance measurements. 

Method C is similar to method B but is used for the 
determination of SXO and CR in the nresence of a low . 
concentration of X0. It also needs only one solution, but 
with more dilute sulphuric acid (0.4M). 

Method D is the only one used for solutions in which the 
mole fraction of CR is greater than 0.01. At very low 
concentrations of CR, however, method B gives more 
accurate results. 

The amount of I-butanol present affects the results 
obtained for X0, SXO and CR determinations, so the final 
concentration of I-butanol in the sample and reference 
solutions must be kept the same (and not greater than 8%). 

Solutions used for absorbance measurements 
W, is 10% sulphuric acid saturated with I-butanol by 

shaking equal volumes of the two phases, and B,,, is the 
resulting I-butanol saturated with 10% sulphuric acid. 

Table 1. Xylenol Orange and Semi-Xylenol Orange reagents 

Year of 
Composition, vole/g 

No. Manufacturer production X0 SXO 

POCh (Poland) 1974 499 385 
POCh 1978 538 270 
POCh 1984 699 152 
BDH 1985 1037 117 
Merck 1987 806 51 
PP* 1986 206 718 
PP’ 1986 57 867 

CR 

44 
36 
43 

<4t 
<4t 
97 

163 

*Synthesized in Department of Organic Chemistry, Techni- 
cal University, Poznad, Poland. 

tNot detectable by method D (Table 2). 
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Table 2. Methods used for determination of X0, SXO and CR 

Method Equations for calculating concentrations (yM) of X0, SXO and CR 
(I = 1.000 cm) from absorbances A, measured at I (nm) 

A c = 44,46A,,, - 34.9OA,,, * 
c ,;; = 36.294,,, - 6.54AGss 

B C,, = 46.32Ad3, - 8.934,,, 
C sxo = 21.82A,,, - 12.35A01 

C Csxo = 49.47AdJ5 - 4.11AJll 
c c. = 19.09A,,, - 16.06A,, 

D Cxo=#.l5Au~con+43.37A,,,,,,-42.77A,,,(,, 
C sxo= 59.15Amo,- lO.OSA,,,o,-~.5OA,,,~o.s) 
&R = 1.2OA,,,,, + 39.7OA,,,,o.s> - 2O.~A,,,,o, 

Method A. Prepare two sample solutions, one at pH 3 to be measured at 435 nm (A&, and 
the other in I.44M sulphuric acid, to be measured at 510 nm (A,,,). 

Method B. Prepare a solution in 3M sulphuric acid, to be measured at 435 nm (A,,,) and 517 
nm (As,,). 

&f&rod C. Prepare a solution in 0.4M sulphuric acid, to be measured at 435 nm (A,,,) and 51’7 
nm (A,,,). 

Method D. Prepare two solutions, one in 0.5M sulphuric acid, to be measured at 435 and 517 
nm [AA43s10_sf and Asncogf, and the other in 2.OM sulphuric acid, to be measured at 517 nm 

Solution I is a butanol or water solution of the com- 
pound, mixture, or commercial reagent investigated. Its 
concentration, calculated as for pure X0 or pure SXO is 
5.0 x lo-‘M. W, is the aqueous phase after extraction of 
Solution I, B, the butanol Phase after extraction of Solution 
I, and Buf 3 the formate buffer solution (pH 3.11). 

The concentrations of X0 and SXO were determined by 
methods A and B, and of SXO and CR by method C. 
Method D was used onlv when sixnificant amounts of X0 
and CR were present. _ - 

Solutions (MS) for absorbance measurements were pre- 
pared from the sample solution before extraction and from 
both phases after extraction. 

For the preparation of 50 ml of MS, 2.00 ml of the test 
solution (Solution I or W, or B,) were mixed with 2 ml of 
Wn (if the first was a but&o1 solution) or with 2 ml of Bw 
(if-the first was an aqueous solution), then a determined 
amount of sulnhuric acid (or sodium hydroxide + Buf,) 
solution was added to the mixture in order to obtain (after 
dilution with water to 50 ml) the appropriate sulphuric acid 
conflation (or pH). 

The reference solution was 2 ml of W, + 2 ml of Bw 
diluted as above. 

Dere~~Qiio~ of the extraction coe~cients (DE) 
Preliminary experiments showed that the best results can 

be obtained if the amount of the extracted compound 
remaining in the water phase is of the same order as that 
passing into the organic phase. If this is not possible at a 1: 1 
chase volume ratio (S = VW/V,, = 1) in a single extraction, 
ihe value of S should be change;i’and’(especiaBy for low DE) 
the aqueous solution should be extracted two or three times. 

The extraction coefficients 13, were calculated according 
to the equation 

where no is the number of moles of extracted compound in 
the aqueous phase before extraction, n, the number of moles 
of extracted compound ~maining in the aqueous phase 
after t extractions and S is the phase volume ratio (VW/V,,). 

RESULTS AND DISUNION 

The D, values found are given in Table 3. The 
greatest ratios of the extraction coefficients were 

obtained for (1) the CR-SXO system with water 
solutions &-a DE JsxoDE = 13.0); (2) the SXO-X0 sys- 
tem with sulphuric acid solutions (sxoD,/,DE = 
24.1); (3) the CR-X0 system with sulphuric acid 
solutions &a DE /x0 D, = 205). 

From (1) it was decided to use mutually saturated 
water and I-butanol for the separation of CR and 
sxo. 

From (2) it was learned that a good separation of 
SXO and X0 could be obtained with mutually 
saturated sulphuric acid and I-butanol but the opti- 
mum sulphuric acid concentration remained to be 
found. The results shown in Fig. 1 for use of method 
B show that sxo&/xo DE is largest for the range 
0.2-0.8M sulphuric acid, and OSM was chosen as 
optimum (Table 3). 

From (3) it was found that extractive separation of 
CR and X0 is straightforward. 

Separation of three-component X0-SXO-CR mix- 
tures 

Three types of X0, SXO and CR mixtures occur 
in practice; the first contain SXO and CR with a small 
amount of X0 (e.g., produced in the synthesis of 
SXO), the second, X0 with a relatively high concen- 
tration of SXO and a low content of CR (e.g., the 
final products of X0 synthesis), the third, SXO with 
relatively high amounts of X0 and CR (e.g., in the 
middle stages of X0 synthesis). 

As shown previously (Table 3) the extraction co- 
efficients of X0 and CR differ so greatly that there is 
no problem in separation of these compounds. The 
main problems are the separation of SXO and CR 
and of X0 and SXO. 

Experiments with pure X0, SXO and CR were 
useful in solving these problems. The results are given 
in Figs. 2-5. 

Extraction of X0, SXO and CR from butanol 
solution (saturated with water) into water (saturated 
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Fig. I. Dependence of extraction coefficients on sulphuric 
acid concentration: (a) SXO (0 ) ,  XO (0) ;  (b) sxoDE/xoDE. 
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Fig, 2, Molar fraction ofCR, SXO and XO remaining (after 
t-stage extraction) in: (a) butanol solution extracted with 
water: Vw/VB=S =0.I  (Q) and 0.25 (O); ~ V w =  Vs; (b) 
water solution extracted with butanol; VB/V w = 1/S = 0.1 
(Q) and 0.25 (O); ~Vs = Vw. Both solvents were mutually 

saturated. 



Fig. 3. Moie fraction of SXO remaining in water phase 
after I extraction stages with water from butanol and t 
stripping stages with butanol. V,/Vs = 0.1 (extraction) and 
VslVw = 0. I (stripping) (e); V,i V, = 0.25 (extraction) and 
V,,/V, = 0.25 (slipping) (0). Both solvents were mutually 

saturated. 

with I-butanol) gave the results shown in Fig. 2a. 
These results show that X0 is almost quantitatively 
transferred to water in three extractions (f = 3) for 
s = 0.1, or two for S = 0.25. 

With the same total volumes of butanol solution 
and water, but use of one tenth of the water for each 

Fig. 4. Mole fraction of CR, SXO and X0 remaining after 

stage of extraction (S = 0.1) or one fourth (S = 0.29, 
t extraction stages, in (a), 0.94 HrSO, extracted with 
butanol; V,/V, for extraction stages 0.1 (@) and 0.25 (O), 

in t extraction stages (t = l/S), besides the whole of XV, ii: VW; (b) butanol solution extracted with OSM 

the X0, - 97% of the SXO and 26.5% of the CR can H,S04; VW/V, for each extraction stage 0.1 (0) and 0.25 

be transferred in the tirst case and 94% of the SXO (0); XV, = V,. Both solvents were mutually saturated. 

and 26*/ of the CR in the second. 
Extraction of CR, SXO and X0 with I-butanol with SXO and CR, with the loss of ea. 20% of the 

(saturated with water) from water (saturated with SXO and ca. 2% of the CR. More detailed results for 
I-butanol) gave the results shown in Fig. 2b. It is seen the separation of SXO from a solution in 0.5M 
that after t extractions the aqueous phase still con- sulphuric (saturated with I-butanol) and stripping 
tained almost the total amount of X0 (co. 98%), cu. from the butanol solution are given in Fig. 5. 
80% of the SXO and only a few per cent of CR (cu. The results obtained make it possible to prepare 
6% for S = 10 = t, or cu. 9% for S = 4 = t). pure X0 solutions or pure SXO solutions. 

~mbination of both processes (extraction from 
butanol solution and stripping from the aqueous Purification of X0 

extract) allows the separation of over 96% of the CR The commercial reagents available generally con- 
from its mixture with X0 and SXO (with the loss of tain little or no CR, so additional steps for its 
ea. 2% of the X0 and 25% of the SXO). More removal need not be taken. If the SXO content is low, 
detailed results for the extraction of SXO from 
butanol solution and stripping from the aqueous 
phase are given in Fig. 3. I 

Figures 4 and 5 show the possibilities for separa- 
tion of X0 and SXO by extraction into butanol from I’“1 
OSM sulphuric acid. Figure 4a shows that with equal 
volumes of aqueous solution (of X0, SXO and CR) 
and butanol, in a t-stage extraction all the CR, cu. 
18% of the X0 and ~98% of the SXO (for S = 10) 
or ~96% of the SXO (for S = 4; t = 4) can be 
transferred into the organic phase. Figure 4b shows i I 
that in stripping the butanol phase with water (satu- 
rated with I-butanol) in t extractions the butanol 
phase will retain ca. 98% of the CR, ca. 82% of the 
SXO and < 2% of the X0 (for S = 0.10; t = 10) or Fig. 5. Mole fraction of SXO remaining in butanol phase 

<4% of the X0 (for S = 0.25; t = 4). after i extraction stages with butanol from OSM H2 SO, ano 

Combination of the extraction and stripping allows 
t stripping stages V,/V, - 0.1 (extraction) and VW/V, = 0.1 
(stripping) (0); VEJVIV = 0.25 (extraction) and VW/V, = 

the removal of > 99% of the X0 from the mixture 0.25 (sopping) (0). Both solvents were mutually saturated. 
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Table 4. Purification of Merck X0 reagent (details in experimental section) 

After extraction 
Before 

extraction one stage two stages 
Method of 

Compound dete~nation phi mole%* @!f mok% p&f mole% 

X0 A 24.1 95.5 22.8 97.9 21.6 99.2 

z: 24.2 23.6 95.9 94.4 22.4 22.1 98.1 97.6 21.0 20.3 99.3 98.8 

sxo A 1.14 4.5 0.49 2.1 0.17 0.8 

: 1.04 1.4 4.1 5.6 0.44 0.7 3.1 1.9 0.15 0.25 0.7 1.2 

*Calculated from lOOCxo/(Cxo + C,,); means of three experiments. 

Table 5. Mole fractions of X0, SXO and CR remaining in 
the combined 0.5M sulphuric acid phase (from 4 extrac- 
tions, VW/V, = 0.25, of an equimolar, 5 x lO-‘M solution 
of X0, SXO and CR in I-butanol) after r extractions with 
I-butanol (saturated with O.SM sulphuric acid) at 

VW/V, = 4: means of three experiments 

EO 
CR 

to tl 4 *3 t 

0.95s 0.90, 0.86, 0.82, 0.17, 0.0% 0.03, 0.01, 0.78, 0.01 
O.OZ, nd+ nd nd nd 

3rd = not detectable. 

it can be removed by two extractions with I-butanol 
(saturated with OSM sulphuric acid) from a solution 
of the reagent in 0.5M sulphuric acid, with a phase 
volume ratio VW/V, of 2.5. Some results are shown 
later (Table 4). 

For less pure samples, the best method is to 
prepare a solution of the sample in I-butanol satu- 
rated with OSM sulphuric acid, and extract four 
times with OSM sulphuric acid saturated with l- 
butanol, using a phase volume ratio Vw/VB of 0.25, 
then to extract the combined aqueous phases with 
I-butanol saturated with 0.5M sulphuric acid (three 
or four extractions with a phase volume ratio V,/V,, 
of 4 will usually suffice). Some results are shown in 
Tables 5 and 6. 

Purification of SXO 

For this it is best to start with a solution of the 
sample in I-butanol saturated with water, and extract 
it in t stages with water saturated with I-butanoi 
(VW/V, = 0.29, then back-extract the combined 
aqueous phases with 1-butanol saturated with water 
(VW/V, = 4) in t stages. The aqueous phase is then 
made OSM in sulphuric acid, and extracted in t stages 
with I-butanol saturated with OSM sulphu~c acid 
(V, jV, = 4), and the butanol extracts are combined 
and back-extracted in t stages with water saturated 
with I-butanol (VW/V, = 0.25). Some results are 
given in Table 7. 

CONCLUSIONS 

Investigation of the extraction coefficients of X0, 
SXO and CR in water-organic solvent systems con- 
taining different acids shows that the best separation 
of X0, SXO and CR can be reached with sulphuric 
acid-1-butanol systems. 

Only a small fraction of the X0 and SXO and a 
major fraction of CR are present at equilibrium in the 
butanol phase if the concentration of sulphuric acid 
is very low. Increasing the sulphuric acid concentra- 
tion to about 0.W increases the concentration of all 
three compounds in the butanol phase, but the 

Table 6. Purification of X0 (means of three determinations); mole% = lOOC,,/.EC, 

In sulphuric acid after 
In butanol solution In 0.5M sulphutic acid 3-stage back-extraction 

Samples before extraction @l-stage extraction) with butanol 

(Table 1) x0 sxo CR x0 sxo CR x0 sxo 

1 GW 110.8 81.4 105.9 14.8 nd* 92.5 1.0 
mole% 56.1 41.2 

5174 
87.7 12.3 nd 98.9 1.1 

2 C,*W 122.2 32.8 ::: 115.3 5.8 nd 100.5 0.4 
mole% 76.9 20.7 95.2 4.8 nd 99.6 0.4 

3 G PM 158.4 59.0 4.8 145.1 11.4 nd 130.5 0.7 
mole% 71.3 26.6 2.1 92.7 7.3 nd 99.5 0.5 

4 G PM 230.8 24.8 nd 242.3 4.5 nd 190.2 0.3 
mole% 90.3 9.7 nd 98.6 1.4 nd 99.8 0.2 

5 C,, PM 178.6 10.8 nd 168.8 2.0 nd 147.5 0.2 
mole% 94.3 5.7 nd 98.8 1.2 nd 99.8 0.2 

*nd = not detectable with the used method. 
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Table 7. Purification of SXO samples containing large amounts of X0 and CR [means of three determinations; 
B, = butanol saturated with water, W, = water saturated with butanol, B, 5 = butanol saturated with 0.5M sulphuric acid, 
W scOSj = water saturated with butanol saturated with 0.5M acid, (0.5M H,SO,), = O.SM sulphuric acid saturated with 

butanol] 

Number of stages, Phase 
Concentration, PM 

No. Phase extracted Extractant t analysed X0 SXO CR 

1 B, (110.8 X0, 81.8 SXO, 5.4 CR) W, 5 Ws 110 79.4 1.7 

(O.% H, SO,), ?v 05 4 2 Ws B 05 110 18.7 67.3 70.3 0.5 0.5 
B 

B, yi5.8 X0, 152.4 SXO, 12.0 CR) 

Ws (0 5) 4 B 0.5 0.5 55.4 0.5 

2 W, 4 Ws 45.5 143.5 3.1 
(0.2 H, SO,), Bw B 05 4 3 Ws B 0.5 45.0 7.6 122 117 0.5 0.5 

B 

B, iI2.6 X0, 184 SXO, 20.2 CR) 

WLI (0 5) 4 B 0.5 0.3 99.3 0.4 

3 Ws 6 Ws 12.5 184 7.8 

(0.2 H, SO,), Bw B 4 5 Ws 
B 05 C(O.5, 

22.5 12.5 181 130 0.3 0.4 
4 0.2 109 0.4 

proportion of X0 is still low, a major part of the SXO 
and almost all the CR being extracted. 

The proposed method for extractive separation of 
X0, SXO and CR allows for the rapid preparation of 
an X0 solution free from CR and containing < 1% 
SXO, and for the preparation of an SXO solution 
containing < 1% CR and X0, even if the initial 
concentrations of X0, SXO and CR are of the same 
order. 
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Summary-The catalytic effect of iron(III) on the oxidation of reduced Rhodamine B with hydrogen 
peroxide in acetic acid medium has been studied. The reaction is highly accelerated by potassium 
thiocyanate. A new catalytic kinetic spectrophotometric method for the determination of iron has been 
developed. Iron(III) can be determined by the fixed time method with a detection limit of 4 x 10-r’ g/ml. 

Several kinetic systems for catalytic kinetic determi- 
nation of iron have been proposed.‘-’ Most are redox 
systems containing hydrogen peroxide. Kawashima 
et a1.6 have reported the MDP-l&O, system, which 
has a detection limit of 2 x 10T9 g/ml, and the Methyl 
OrangeHzO, system was reported by Budanov 
(detection limit 1.i x lo-’ g/ml).’ 

In the present work, the kinetic system is based on 
the oxidation of reduced Rhodamine B with hydro- 
gen peroxide in an acetic acid medium, catalysed by 
iron(II1) in the presence of potassium thiocyanate as 
activator. The method can be used for determination 
of iron in the concentration range 0.04-l 50 ngjmi in 
the final solution, by the fixed time method, with a 
detection limit of 4 x IO-” g/ml, The precision and 
accuracy and the influence of 33 foreign ions have 
been studied. The method is more sensitive and has 
a wider determinable range than the methods re- 
ported by Budnaov’ and by Kawashima et al.6 Iron 
in water samples has been determined by this method 
with excellent results. 

Reagents 
All chemicals used were of analytical reagent grade and 

the solutions were prepared with doubly distilled water. 
Reduced ~o~rni~ B solution, 3.2 x 10-M. Dissolve 

0.9500 g of Rhodamine B in water and dilute to 250 ml. To 
10 ml of this solution add 0.5 g of sadium hydroxide with 
stirring. To reduce the Rhodamine B, add 0.8 g of zinc 
powder and 25 ml of ethanol, and stir until the purple 
disappears; filter the solution into a 250-ml brown standard 
flask, wash the residue several times with water, and then 
dilute to the mark. Keep the solution in the dark. 

Standard iron~III~ solution, f mg,M. Dissofve l.Oi@ g of 
high-purity iron in 30 ml of nitric acid (1: 1). Boil gently 
to expel brown fumes, cool, and dilute to volume in a 
lOOO-ml standard flask with water. Prepare working solu- 
tions by dilution just before use. 

Porassium thiocyanate, 0. I M. Dissolve 9.718 g of guaran- 
teed reagent grade potassium thiocyanate in water and 
dilute to 1000 ml. Store in a dark bottle. 

Hydrogen peroxide, 0.03% o/u. Dilute 1.0 ml of hydrogen 
peroxide (30%) to iOO0 ml with water in a dark bottle. Store 
in a cool place. 

Acetic acid, l.OM. 
EDTA, saturated solution. 

Ap~rai~ 

A model PHS-2 pH-meter and a model 72 spectrophoto- 
meter (Shanghai 2nd Analytical Instrument Factory) were 
used. A model SO1 super thermostat (Shanghai Experimen- 
tal Instrument Factory) was used to control the reaction 
temperature. 

Genera/ procedure 

Pipette into a SO-ml graduated tube 1.0 ml of standard 1 .O 
pg/ml iron(fI1) solution, 3.0 ml of 0.W potassium thio- 
cyanate, 1.2 ml of l.OM acetic acid and 2.0 ml of 0.03% 
hydrogen peroxide solution, dilute to 23 ml with water and 
mix thoroughly. Keep the tube in a thermostat at 40 f 0.5” 
for 5 min, then add 1.0 ml of 3.2 x 10m4M reduced Rho- 
damine B solution, and start the stop-watch while shaking 
the solution vigorously to mix it. Keep the tube in the 
thermostat for I2 min, then stop the reaction by adding 
1.0 ml of saturated EDTA solution. Transfer the solution to 
the spectrophotometer cell and measure the absorbance at 
560 nm against water. 

Subtract the absorbance of a reagent blank similarly 
prepared. Analyse samples similarly. 

RESULTS AND DISCUSSION 

Absorption spectrum 

The absorption maximum of the catalytic oxida- 
tion product is at 560 nm (Fig. l), which is therefore 
chosen as the measurement wavelength. 

Optimum conditions 

The variation of the reaction rate (expressed as the 
fixed time absorbance throughout this discussion) 
with amount of reduced Rhodamine B is shown in 
Fig. 2. The rate of the catalysed reaction increases 
with volume of reduced Rhodamine B solution up to 
3.9 ml and then becomes constant. Hence 1.0 ml of 
reduced Rhodamine B solution was chosen as opti- 
mal because it leads to an adequate difference be- 
tween the catalysed and uncatalysed reaction rates 
and a low value for the uncatalysed reaction rate. 

Figure 3 shows the variation of the reaction rate 
with amount of hydrogen peroxide solution. The 
rates of both the catalysed and uncatalysed reactions 
increase with amount of hydrogen peroxide in the 
range studied. Addition of 2 ml of hydrogen peroxide 
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Fig. 1. Absorption spectrum of the catalytic oxidation 
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0 123456 
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Fig. 2. Variation of the reaction rate with volume of 
reduced Rhodamine B solution. (1) Uncatalysed reaction; 

(2) catalysed reaction; 1.0 pg of Fe(III) per 25 ml. 
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Fig. 3. Variation of the reaction rate with amount of 
hydrogen peroxide. (1) Uncatalysed reaction; (2) catalysed 

reaction; 1.0 pg of Fe(II1) per 25 ml. 

solution was chosen because it provides enough 
difference between the catalysed and uncatalysed 
reaction rates and a low value for the uncatalysed 
reaction rate. 

The dependence of the reaction rate on amount of 
acetic acid was studied. Figure 4 shows the results 
obtained in the presence and absence of iron(II1) (1 .O 
pg per 25 ml). Addition of 1.2 ml of 1M acetic acid 
(which gave a pH of 3.8) was selected as optimal. 

The influence of various buffer solutions and differ- 
ent acids was tested at pH 3.8, and the best result was 
obtained with the 1.2 ml of 1M acetic acid. 

The reaction rate increases with amount of potas- 

0.7 - 

0.6 - 

0.5 - 

p, 0.4 - 

0.3 - 

0.2 t 1 

I I I I 1 1 1 1 
0 1234567 

ml 

Fig. 4. Dependence of reaction rate on amount of acetic 
acid. (1) Uncatalysed reaction; (2) catalysed reaction; 1 .O pg 

of Fe(II1) per 25 ml. 
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0.6 

0 5 1 2 3 4 

ml 

Fig. 5. Dependence of reaction rate on amount of potassium 
thiocyanate. (1) Uncatalysed reaction; (2) catalysed reac- 

tion; 1.0 pg of Fe(II1) per 25 ml. 

one 1 _.- 

A 

Fig. 6. Dependence of the reaction rate on temperature. 
(1) Uncatalysed reaction; (2) catalysed reaction; 1.0 Pg of 

Fe(II1) per 25 ml. 
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Table 1. Interference of foreign ions (final concentration of 
iron 40 ng per ml) 

Limiting w/w 
ratio to iron Foreign ion 

500* W)t, Na(I)t, Mn(II)t, Ca(II), Zn(II), 
WI), NiWt, AVIII), AsGII), Se@?, 
NH:, Cq-t, Stib-, Siqj-, Cl-, Br-, I-. 

200 Ag(I), Bi(III)t, NO,. 
100 Mg(II)t, WWt. 
IO WfvIrt ;o ’ -I3 Hg(II)t, MOW), W’W 
40 TYIV) 
25 c&j 
20 WI) 
10 
2 :;r;tF-t 
1 Cu(II)t 

Fig. 7. Effect of reaction time. (1) Uncatalysed reaction; *Maximum ratio tested. 
(a) catalysed reaction; 1.0 pg of Fe(II1) per 25 ml. tIons which decrease the reaction rate. 

Table 2. Determination of iron in water samples, and recovery determined 
by the standard addition method 

Fe 
Water sample 

Sample taken, ml Added, pg Found*, pg Recovery, % 
Li river 10 0 0.46 - 

10 0.3 0.13 90 
10 0.4 0.83 92.5 

Taohua river 10 0 0.39 - 
10 0.3 0.71 106 
10 0.4 0.75 90 

East river 10 0 0.44 - 
10 0.3 0.74 100 
10 0.4 0.82 95 

Ronghu lake 3 0 0.70 - 
3 0.1 0.79 90 
3 0.3 1.01 103 

Shahu lake 3 0 0.46 - 
3 0.1 0.55 90 
3 0.2 0.65 95 

*Average of 5 determinations. 

sium thiocyanate for both the catalysed and un- 
catalysed reactions (Fig. 5). A big enough difference 
between the two rates was obtained with 3.0 ml of 
O.lM potassium thiocyanate, so this was chosen as 
optimal. 

Calibration graph and interferences 

Activation by other substance such as l,lO- 
phenanthroline; 2,2’-bipyridyl, pyridine, etc. was 
examined, and potassium thiocyanate was found to 
be the best. 

Under the optimal conditions a linear calibration 
graph was obtained for iron(II1) from 0.04 to 150 
ng/ml. The coefficient of variation of the method was 
2.6% (10 determinations). 

The dependence of the reaction rate on tempera- 
ture was studied between 30 and 55”. Figure 6 shows 
the results. In the absence of catalyst, the reaction 
rate increases only slightly with temperature. The 
temperature effect is more pronounced for the 
catalysed reaction. A temperature of 40” was chosen 
because it gave a low value for the uncatalysed 
reaction rate and a fast enough catalysed reaction. 

Interference by foreign ions in the system was 
studied with 1.0 pg Fe(II1) and various amounts of 
foreign ion. The results are summarized in Table 1. 
The strongest interference is caused by Cu(I1) and 
Sb(II1). The amount of these two ions is usually less 
than that of Fe(II1) in water samples, so Cu(I1) and 
Sb(II1) do not need to be masked for determination 
of iron(II1) in most water samples. Most of the ions 
tested increase the reaction rate; only a few of them 
decrease it (Table 1). 

Applications 

Figure 7 shows the development of the signal as a Some water samples were analysed by the pro- 
function of reaction time. A fixed time of 12 min was cedure described. Recovery was determined by the 
chosen for use, as giving a good compromise between standard addition method. The results are summa- 
high sensitivity and short analysis time. rized in Table 2. 
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The results show that the method proposed is 2. Chen Si-Zhen, Fenxi Huaxue, 1978, 6, 42. 
simple, rapid, sensitive and accurate enough for the 3. C. Papadopoulos, V. Vasiliadis, and G. S. Vasilikiotis, 

determination of trace iron(II1) in water samples. Microchem. J., 1979, 24, 23. 
4. A. A. Alexiev. V. Rachina and P. R. Bontchev. An& 
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Sunuaary-It is shown that factor analysis is applicable to polarographic data, and can be used to find 
the number of complex species in solution. An analytical criterion for finding this number is proposed 
and applied to several calculated and experimental data sets. The range of use of the factor-analysis 
method is compared with that for spectrophotometric and potentiometric data. 

In the analysis of multiple equilibria in solution, 
e.g., in metal ion-ligand systems, one of the main 

problems is to find the number of species in solution, 
This information is essential for calculating the differ- 
ent stability constants by modern ~mpu~tio~al 
techniques.‘” Factor analysis, FA, has emerged in 
recent years as a powerful technique, capable of 
giving this information. Its mathematical back- 
ground, based on matrix algebra, will not be pre- 
sented here, since it is adequately treated in texts4vs 
and articles.“’ 

FA can be used to find the ~nimum number of 
factors required to reproduce satisfactorily a given set 
of experimental data, provided that each data value 
can be expressed as a linear sum of the factors. For 
absorption spectra, for example, the data consist of 
the absorbances at different wavelengths for a certain 
number of solutions having different hgand concen- 
trations. The total absorbance of any solution at a 
given wavelength may be expressed as the sum of the 
absorbances of each of the species present. The 
absorbance data can therefore be arranged in the 
form of an n x s matrix, where n is the number of 
solutions, and s the number of wavelengths at which 
absorbances have been measured. FA of this matrix 
leads to the number of absorbing species in solution, 
provided that both n and s are greater than that 
number. 

The applications of FA to the analysis of potentio- 
metric’ and spectroscopic data’ for metal ion-ligand 
multicom~nent systems have already been reported. 
Another experimental technique widely used for the 
determination of stability constants of complexes, 

*Authors for correspondence. 

and in which similar problems regarding the number 
of species in solution occur, is polarography. It 
therefore seemed interesting to extend FA to polar- 
graphic data. 

This paper describes the application of FA to both 
calculated and experimental polarographic data of 
systems in which multiple equilibria occur, and it is 
shown that the method is capable of finding the 
correct number of species in solution. 

EXPERIMENTAL 

Metal-ion solutions were obtained by dissolving the metal 
in perchloric acid (electronic grade), evaporating the result- 
ing solution to dryness and then adding water to give a 
known volume. Working solutions were prepared from this 
stock solution. 

Standard solutions of chloride were prepared from 
sodium chloride (Merck electronic grade), treated according 
to KolthofFs procedure.8 This enabled the solutions to be 
used as primary standards. 

The ionic strength was kept constant with sodium 
perchlorate. It is important to point out that the replace- 
ment of a considerable amount of supporting electrolyte by 
another salt (containing the ligand ion) may lead to appre- 
ciable changes in the diffusion current, even if there is no 
complexing effect with the central ion. It can be seen in 
Fig. 1 that a decrease in diffusion current and a shift of the 
peak potential occur when part of the sodium perchlorate 
is replaced by sodium thiocyanate in a solution in which 
iodate, a non-complexing anion, is polarographically re- 
duced. On the other hand, these phenomena practically 
disappear when some of the sodium perchlorate is replaced 
by sodium chloride. This effect would obviously lead to 
erroneous stability constants, as every change in-diffusion 
current is attributed to the formation of complexes. For this 
reason, the system Cd2+-Cl- was chosen for the experimen- 
tal tests instead of Cd2+-SCN-. Both systems have already 
been widely studied by other authors, the stability constants 
being relatively well established, although there remain 
some discrepancies for the second system. 
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Fig. l. Differential pu]se polarograms for the reduction of 
iodate (9.8 x 10-6M): 1, in 5M NaC104; 2, in 4M 

NaCIO4 + 1M NaC1; 3, in 4M NaCIO4 + 1M NaSCN. 

Morpholine solutions were titrated with standardized 
solutions of hydrochloric acid. 

Solutions were prepared for the polarographic measure- 
ments by the technique of Piljac et aL 9 The pH was 
controlled with the aid of a Radiometer pH-meter, model 
22. The temperature was kept constant at 25 + 0.1 °. 

A P.A.R. 174 polarograph with a 303 static mercury drop 
electrode was used to obtain polarograms. An Ag/AgC1 
reference electrode could not be used owing to precipitation 
of potassium perchlorate, so a calomel reference electrode 
was connected to the cell by a salt bridge containing sodium 
chloride and sodium perchlorate to give the cell 

Calomel electrode [1NaCI(2M)II NaCIO4 (IM)II test solution 

Polarograms were obtained in both the differential-pulse 
mode and the sampled direct-current mode, with a 
modulation of 25 mV and a scan-rate of 1 mV/sec in the 
former case. Drop time and size were 1 see and "medium" 
respectively. 

T H E O R Y  

It will be shown in this section that the potential-  
signal relationship measured in polarographic 
experiments is indeed a linear sum of terms, each 
corresponding to a species in solution. 

For  the system M-X,  with M and X having charges 
a + and b - respectively, the existence of the follow- 
ing equilibria may be assumed: 

MX 0 -a)- ~..~ M~+ + X b- 

MX~-~) -  ~ M a +  + 2X b- 

?t/uY(b-a)-"~'[v[a+ + j X  b -  (1) 

The total current l r  is given by summation over all 
ij, the currents corresponding to the complex species 
MX/ plus that for the uncomplexed central cation 
( j  = 0). 

I r = ~ i/ (2) 
j r 0  

According to the Nemst equation for a complexed 
metal system, t° the potential of the dropping elec- 
trode corresponding to any particular equilibrium, 
for instance (1), may be expressed by: 

Ed, , j  = E + (RT/nF)ln(fMxj/ fMfJxK,, j)  

_ (RT/nF)ln[CiM(CixY/Ci.xj] (3) 

where E = E ° + (RT/nF)ln  arts, K= is the stability 
constant, (the superscript i refers to concentrations at 
the electrode-solution interface, and thefs  are activ- 
ity coefficients). 

The following fundamental equations describing 
the diffusion currents may also be applied: 1°'1t 

CMXj ) (4) i =kc (C Mxj -  i 

id = kc CMxj (5) 

i = k a C~ 

(c, a and d refer to cathodic, anodic and diffusional 
limiting currents respectively; k= and k, are propor- 
tional to D~/2 and D~/2, Ca is the concentration of 
metal M in the amalgam). 

From equations (4) and (5) 

i (id -- i)/k= = CMXj (6) 

With the customary assumption that 

i i CMXj/Cx = CMX,/Cx 

which holds if the equilibrium is rapidly attained, K~,j 
is expressed by: 

Ko, j = CMX/MX,/CM C~,fU. 
i i i j " = C M X j f M X  j / C M ( C x ) t f ~ f M  ( 7 )  

Equation (3) may be transformed into 

Ede, j = Es.j + (RT/nF)In[CiMxj/(K~aCi,(Cix)/]. (8) 

where 

E,j  = E + (RT/nF)ln(fMxj/ f~f~) .  

From equations (6)-(8), the current corresponding 
to the species involved in equilibrium j may be 
introduced into 

Ed.j = E~,j + (RT/nr) ln{[ ( id , j -  ij)/ij] 

x (ka,j/k¢,jK, jCJx)} (9) 

Algebraically, the following result is obtained: 

exp[(nF/R T) (Ed,j -- E,,j)] 

= [(id.j -- ij)/ij]ka, y/ke, j( l~.)C~) = Oj 

Then if we define k~,j/k,,j = Tj and xj = K, aC/x, and 
take into account equation (5), equation (10) is 
obtained: 

ij = k e . j C M X j / ( 1  + rjOflcy) ( 1 0 )  

A term corresponding to the species M °+ ( j  = 0) 
must be added to obtain the total current IT (for 
all electroreducible species present). Reasoning 
analogous to that above leads to the following expres- 
sion, valid for a non-complexed species, as previously 
given by Delahay: 12 

iM.+ ---- koCMo+/(1 + 007o kc./) 

This term has the same general form as the others in 
(10). It can therefore be introduced into the summa- 
tion (2), with CMo+ = Co and r0 = 1. Hence, the final 



expression for the current-potential relationship is 

1, = i kc,jCj/(l 4” YjejMj) (11) 
t-0 

At any given liganrd ~o~nt~tio~, the factor 
bJ = R,,/(I + @,h-,) depends, for each electrode po- 
tential, on the intrinsic properties of each species in 
equilibrium and on the ligand concentration. 

This means that a matrix Z can be assembled with the 
experimental values of i(E, C,), in which each ele- 
ment is given by a linear sum of terms. Z can be 
expressed as a product of two matrices: 

Z=@C (13 

Z has dimensions n, x S(E~ = number of potentials at 
which 1, is measured, s = number of solutions with 
different Cx), cf, has dimensions n, x n, (n = number 
of species in salution) and C has n x s. In conse- 
quence, the basic condition for FA being applicable 
is fulfilled. As in the case of potentiometry and 
s~trophotome~y, the conditions of II c n, and 
n < 3 must also hold.“r 

The preceding derivation was made for the case of 
direct current polarography (DCP), but several of the 
experiments were performed by differential pulse 
polarography (DPP), because of its greater sensitivity 
and better precision, It was ~rn~~~bIe for us to derive 
a relationship similar to equation (11) for this case, 
as the expression iopp =f(E) is much more complex 
than the one for DCP. Therefore, the actual separa- 
tion of variables could not be made. However, this 
does not mean that the condition is not fulfilled, since 
both techniques are intimately related. 

TREATMENT OF DATA 

Curves of current us. potential at different ligand 
concentrations were calculated through the use of 
equation (11). The systems Cd-Cl, Bi<l and 
Cd-SCN were chosen for this purpose, as they have 
been thoroughly studied in the past, and the number 
of species present in solution and the corresponding 
stability constants seem to be firmly estab1ished.j 
From the families of sigmoidal curves obtained (as an 
example, see Fig. 2, corresponding to the system 
Cd-Cl), values for the current at different potentials 
were obtained, thus generating the data matrices Z, 
in which the columns correspond to different solu- 
tions and the rows to different potentials. 

Similar data matrices were constructed from exper- 
imental I DS. E curves at different ligand concentra- 
tions. The systems chosen were Cd-Cl, in order to be 
able to compare calculated and experimental results, 
and Cu-morpholine, which has not yet been com- 
pletely elucidated. I3 In the first case, the current was 
measured at 22 potentials for each of the polarograms 
corresponding to 18 different ligand concentrations. 

00 
0.1 0.05 0 -0.00s -0.1 -0.15 

E vs. S.C.E ,v 
Fig. 2. Curves of current intensity (in arbitrary units) VS. 
potential for the system Cd-Cl, calculated by equatian (I!): 
I, [Cl-] = 5.93 x lo-6M; 2, [W] = 2.00 x lo-4jw; 3, 
[Cl-] = 9.51 x 10-“M. Constants K, = 21.33, K2 = 2.55 and 

K3 = 0.60 were taken from Leggett? 

In the second case, the currents at 17 potentials for 
12 polarograms were obtained, Figure 3 is a represen- 
tative example of three selected curves for the 
Cu-morpholine system. 

FA of these matrices was performed by using the 
program SPECIES, kindly provided by Dr. M. 
MeIoun. As this program was originally developed to 
handle potentiometric data, it was slightly modified 
to accept polarographic data. 

RESULTS AND DlSCUSSlON 

FA provides the following parameters: 4, the 
residual standard deviations; r, the eigenvalues; RV, 
the relative variances; CRV, the cumulative relative 
variances and IND, the Malinowski factor indicator 
function (for more details, see references 5 and 6). In 
the ideal case of a data matrix with no experimental 
errors, the eigenvalues r of no~-si~i~~nt factors 
(species in solution) and their residual standard devi- 
ations S, should be negligible. Obviously, in such a 
case there are no problems in establishing the number 
of species in solution. Real situations are more corn- 
plicated, however, as the existence of experimental 

Fig. 3. Three selected experimental DP polarograms for 
the system Cu-morpholine (L). [Cu(II)] = 1.1 x W5&f. 1, 
[L] = 0.056M; 2, [L] = 0.915M; 3, [L] = 1.521M. The points 
shown on the curves constitute part of the matrix Z (see 

text). 
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Table 1. The k values estimated by various methods 

Method 

System 
sk Our Literature 

RV% CRV% IND vs. k method values 

(1) Cd-Cl 6 9 8 1 3 
3 

(2) Cd-Cl 2 2 6 2-3 2-3 
(3 species) 

(2) Bi-Cl 5 5 11 2 5-l 6 
(6 species) 

(2) Cd-SCN 2 2 5 2 2-3 2-3 
(3 species) 

(1) Cu-momholine 5 5 5 2 2 

(1) Experimental. (2) Calculated. 

errors produces non-zero eigenvalues which tend to 
confuse the situation. Therefore, several criteria for 
determining the number of components contributing 
to the experimental data have been suggested:5s6 
eigenvalues of significant factors should be noticeably 
larger than eigenvalues associated with experimental 
errors; as the significance of an eigenvalue is judged 
by the value of the variance RV, eigenvalues with 
variances below a certain limit, for instance O.Ol%, 
can be regarded as negligible; if the CRV reaches the 
value 99.99% for instance, any remaining eigenvalues 
can be neglected; the Malinowski factor indicator 
function IND should reach a minimum at the correct 
number k of species in solution; residual standard 
deviations s, corresponding to non-significant factors 
should reach a value smaller than the instrumental 
error. Ideally, all these criteria should lead to the 
same value of k, but unfortunately this rarely hap- 
pens.5,6 In Table 1, the values of k estimated by using 
these criteria for each of the systems studied are 
shown. It can be observed that no unique value for 
k, the real number of species in solution, emerges 
from these analyses. Have1 and Meloun6 observed 
that when the values of sk are plotted as a function 
of k, two approximately straight lines are obtained 
which intersect, on extrapolation, at the k value 
corresponding to the number of species. They 
suggested taking the value of k corresponding to 
the intersection as the actual number of species in 
solution. 

When this procedure was applied to our Sk data, the 
results obtained were rather unreliable, as it was very 
difficult to establish the exact number of significant s, 
values (i.e., the values which correspond to significant 
eigenvalues) to be taken into account for the straight 
lines to be drawn. Depending on this number, the k 
value at the intersection may vary by at least f 1 unit. 
The most puzzling situation was found for the Cd-Cl 
system, in which no coincidence between the analysis 
of calculated and experimental data could be ob- 
tained, when using the same criterion in both cases. 
An inspection of the whole sk us. k curve reveals that 
the significant part of it has an exponential form, 
whereas the portion corresponding to So values due to 

experimental errors is a straight line.6 It can be seen 
in Fig. 4, corresponding to the Cd-Cl system, that the 
representation of In s, vs. k does give a straight line 
for the significant points, and that the points corre- 
sponding mainly to experimental errors deviate pro- 
gressively from this straight line. Only those s, values 
that lie within the confidence limits were selected for 
drawing the straight line. 

In Table 1, the number of complex species obtained 
through this procedure for all the systems studied, 
together with the literature values, is shown. It should 
be remembered that FA leads to the total number of 
electro-reducible species, including M’+ species. 
Therefore, the values listed were obtained by sub- 
tracting one from the number calculated by FA. 

It can be seen that values coincident with the 
literature data are obtained for the system Cd-Cl. 
Significantly, the present procedure leads to the same 
k value for both experimental and calculated data, 
unlike Have1 and Meloun’s procedure (see above). 
On the other hand, the procedure used in this 
work leads to the same results as those obtained by 
Have1 and Meloun’s procedure for analysing their 
potentiometric data. 

Quite recently, Zuberbiihler et al. described a 
somewhat different use of factor analysis, called 
evolving factor analysis,i4qu and its application to 
spectrophotometric data for the determination of 

Or 
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Fig. 4. Graph of In sk vs. k from experimental data for the 
Cd-Cl system. 
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Fig. 5. Species distribution for the Cu-morpholine (L) 
system: -, CuL; . . . , CUL, ; - -, CUL, (8* = 1 .o x 10’2); 
---, CuL, u2 = 1.0 x 10i3). The CuL and CuL, values are 

those calculated with /I2 = 1.0 x lOi for CuL,. 

independent components in a given data matrix. The 
application of this method to our data did not lead 
to unambiguous k values. 

At this point, a comment about the meaning of 
non-significant species in solution should be made. 
These species are present at very much lower concen- 
trations than the others, so no experimental tech- 
nique is able to detect them, but this does not mean 
that the stability constants are negligible. As an 
example, let us look at the Cu-morpholine system. 
The overall stability constants /?, and /I3 are 
1.78 x 10” and 7.24 x 1014. It can be seen in Fig. 5 
that if a species distribution plot is drawn, introduc- 
ing various values of fir, only when this constant is 
of the order of lOu or higher, does the Cu(morpho- 
line), species start appearing at detectable concentra- 
tion and without significantly altering the distribution 
of the other species. 

CONCLUSIONS 

It seems important to compare the limitations of 
FA when applied to spectroscopic, potentiometric 
and polarographic data. As has been pointed out by 
Have1 and Meloun6 the situation for potentiometric 
data is not strictly analogous to that for spectropho- 
tometric data, because the potentiometric technique 
has one degree of freedom less than spectrophotome- 
try. No variable equivalent to the wavelength can be 
found in potentiometric measurements, as only a 
single potential can be measured in systems formed 
by complex species at a certain ligand concentration. 
It has been shown6 that with polynuclear complexes 
(A,B,C,), changes in the total analytical concentra- 

tion of the ligands lead to different curves. Therefore, 
only when polynuclear species are present is FA 
applicable to potentiometric data, and it gives only 
the number of polynuclear complexes with different 
p indices, without being capable of detecting the other 
species present in the system. As a consequence, FA 
cannot be used to find the number of species in simple 
ML, systems. In the case of polarography, it is 
possible to obtain a set of different curves, each 
corresponding to a certain ligand concentration. This 
explains why FA is applicable to any system 
analysable by the polarographic technique; FA can 
therefore be helpful with many more systems than it 
can when used in conjunction with the potentiometric 
technique. It seems especially useful for systems 
involving weak complexes. 

In summary, the application of FA for determining 
the number of species in solution for the case of 
polarographic data is validated in this work. The 
procedure of plotting In s, as a function of k seems 

to be more reliable than alternative methods for 
estimating the number of species present, such as 
IND, the Malinowski factor indicator function, RV, 
the relative variances, and CRV, the cumulative 
relative variances, at least in this application of FA. 
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Summary-Salicyclic acid has been determined in aspirin powder and tablets by first-derivative spec- 
trophotometry at 316 nm with base-line correction, with a coefficient of variation less than 1%. 

The BP (1980)’ test for salicylic acid in aspirin is 
based on the colour of the iron(III)-salicylic acid 
complex and has only a pass-fail requirement at a 
limit of 0.05% for bulk aspirin, 0.15% for aspirin 
tablets and 0.3% for aspirin-containing tablets. The 
USP test2 for bulk aspirin is similar, with a limit of 
0.1%. The USP test for aspirin capsules and tablets 
is based on the method of Weber and Levine.’ 
The buffered-tablet assay, based on the method of 
Guttman and Salomon,4 is similar. Salicylic acid in 
aspirin products has also been determined fluori- 
metrically,‘* by HPLC’13 and calorimetrically at 
532 m~.‘~.‘~ 

Other impurities reported as present in bulk aspirin 
and aspirin formulations are acetylsalicylic anhy- 
dride, 0-acetyl-0 -salicylsalicylic acid and 0 -salicyl- 
salicylic acid. Some of these have been determined in 
aspirin tablets by HPLC,16 GLC,“-*’ TLC,*l,** and by 
spectrophotometric methods.23,24 0-Salicylsalicylic 
acid was first isolated and identified by Reepmeyer 
and Kirchhoefer.25 It has not previously been iden- 
tified in aspirin formulations, but its presence was 
postulated by Bundgaard.16 Kirchhoefer et a1.,26 have 
developed an HPLC method and spectophotometric 
method for the determination of impurities in bulk 
aspirin and aspirin formulations. 

Salicyclic acid in bulk aspirin powder has been 
determined by second derivative spectrophotome- 

try,27-29 at levels down to 0.005%. 
The present paper deals with determination of 

salicylic acid in aspirin powder and tablets by first- 
derivative spectrophotometry. 

Instrumentation 

EXPERIMENTAL 

A Varian DMS 90 double-beam spectrophotometer, with 
l-cm silica cuvettes was used. The wavelength scan was 
checked with a holmium oxide filter, against air. 

*Author for correspondence. 

Solvent 

Monochloroacetic acid solution (1%) in 96% ethanol. 

Determination of salicyclic acid by first-derivative method 

Calibration. Weigh accurately about 50 mg of salicylic 
acid, dissolve it in the monochloroacetic acid solvent, and 
dilute to 50 ml with the solvent. Pipette 10 ml into a 250~ml 
standard flask and dilute to volume with the same solvent. 
Prepare seven serial dilutions of this solution to cover the 
concentration range 0.0002-0.0014% salicylic acid. Record 
the first-derivative curve for each solution, against a blank, 
over the range 280-380 nm at a scan-rate of 100 nm/min, 
with a band-pass of 1 nm, l-cm silica cuvettes, and suitable 
sensitivity and scale expansion settings. 

Draw the reference baseline for dA/dl = 0 at 340 nm 
(Fig. 1). Measure the distance from the baseline to the 
trough at 316 nm and plot against concentration to obtain 
the calibration curve. 

Analysis of bulk aspirin powder. Weigh accurately about 
1 g of aspirin powder into a 50-ml beaker, and dissolve it 
in about 25 ml of the solvent. Transfer the solution quanti- 
tatively to a lOO-ml standard flask and complete to volume 
with the solvent. Analyse as for calibration, above. 

Analysis of aspirin tablets. Weigh and powder 20 tablets. 
To a quantity of the powder equivalent to about 1 g of 
aspirin, accurately weighed into a 100~ml standard flask, 
add solvent to the mark. Shake the flask thoroughly for 1 
min. Filter immediately, rejecting the first portion of filtrate. 
Analyse as for calibration, above. 

Determination of salicylic acid in bulk aspirin pow&r and 
aspirin tablets by the compensation first-derivative method 

Prepare sample solutions as above. Prepare three solu- 
tions of sahcylic acid in the solvent at different concen- 
trations, one of which should be the concentration found by 
the method above. Record the first-derivative curves of the 
aspirin solution, measured against the three salicylic acid 
solutions in sucession, starting with the most dilute. The 
recorded first-derivative curve will be parallel to the abscissa 
over the range 310-340 nm when the concentration of 
salicylic acid in the aspirin solution is exactly equal to that 
in the reference solution; this is called the balance point. 
Repeat, if necessary, with fresh aspirin solution, to reach the 
balance point. 

RESULTS AND DISCUSSION 

The first-derivative curve for salicylic acid in the 
monochloroacetic acid solvent has troughs at 316 and 
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Fig. 3. First-derivative l.+ curve of 1% aspirin solution 
~~~iog saficylic acid. Correction of a coos~~t interfer- 
ence. Horizontal line (----), AD, corrects for a constant 

interference. 

241 nm and peaks at 288 and 232 nm (Fig. 1). The 
trough at 316 nm is used for the determination, 
Attempts ta prepare aspirin free from salicylic acid by 
~~s~ll~tion from acetone*? failed, so the shape of 
the Fiat-de~vative curve of aspirin in the region of 
316 mn was found by a compensation technique.3o 

Figure 2 shows the ~~t~e~vative curve of a 1% 
solution of aspirin known ta contain salicylic acid as 
an impurity_ which is responsible for the trough at 
316 mn. The ~~t~e~vat~ve curve for the impurity 
was eliminated by rn~su~ng against salicylic acid 
solutim~s of increasing c~n~n~tio~ instead of a 
blank, until the trough at 3I6nm ~~~~~ The 
residual curve was then taken as the first-derivative 

I 1 

Fig;. 2. ~~t-de~ati~e 1)$ curve due ta sakylic acid present 
in X % aspirin solution. Lf, , difference curves obtained by the 
~rn~o~~oo met&d, with sakylic a&id solutiorks of in- 
creasing concentrations in t&e reference cell, and iirst~ 
derivative curve for pure aspirin (2) obtained at the balance 
point after compensating for the total salicylic acid content 

in the sampIe solution. 

curve for aspirin free from salicylic acid, This curve 
exhibited a plateau over the range 312-340 mn, in 
agreement with the findings of Kitamura and 
Majima*’ that the ~~nd~e~vativ~ for pure aspirin 
was zero at 358 nm. Hemx, the ~rst-de~vatjve signal 
for salicylic acid at 3 I6 nm in presence of aspirin can 
be obtained by taking the difference between the 
signals at 316 and 340 nm. It is easiest to draw a 
horizontal through the signal at 340 urn and measure 
the distance from this to the trough at 3 t6 nm (AD, ( 
Fig. 3). 

ne sample can be tested for the presence of otkr 
impurities by the compensated first-derivative 
method. If the wavelength of the trough varies from 
316 nm for different ~n~~tmt~ons of 6alicyfic acid 
in the reference cell, then the ~~t-d~vati~ curve for 
the ~mponent~s) other than salicylic acid is more 
complex than a Mnstant fun&on of wavelength. 

The value of AD, (in chart divisions) was found to 
be linearly related to salicylic acid concentration over 
the range 2-14 @g/ml. With our equipment, the 
equation was ADI = 0.3 + 4.123C where Cis in &ml 
~cor~l~tion ancient 0.9999; standard deviation of 
the points from the line, 0.3). 

The coefficients of variation far AD1 were cal- 
culated for ten replicates of each of seven solutions of 
salicylic acid (2-14 pg,/ml) and except for the lowest 
concentration were all less than I% 

Table I shows the results obtained for the determi- 
nation of salicylic acid in four bulk aspirin powders 
by the first-derivative method and the compensation 
~~t~e~~ti~ method. The BP (1980) limit for the 
salicylic acid in aspirin powder is 0.05%. 

The samples were first assayed for their aspirin 
content by the BP (1980) t&metric rneth~.~ A and 
D were commercial samples. B was prepared by 
double recrystallization of A from acetone, and C 
was made by four r~~s~lli~t~ons of sample A from 
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Table 1. Determination of salicylic acid (%) in bulk aspirin by different methods 

BP (1980)* 
aspirin assay, Compensation,t 

Sample % 0 D, BP (1980) limit test 

A 
B 
C 
D 

99.3 0.056 0.050 
99.9 0.053 0.053 

100.3 0.011 0.010 
- 0.080 Not defined 

Pass 
Pass 
Pass 
Fail 

*Each result is the average of two assays. 
tEach result is the average of three independent assays. 

acetone. The results obtained for salicylic acid in A, 
B and C were in good agreement for both methods. 
The BP (1980) limit test for salicylic acid in bulk 
aspirin powder was applied and samples A, B and C 
were found to be below the limit. Figure 2 shows 
the difference-compensated first-derivative curves for 
sample A, with the balance point (curve Z) and 
overcompensated curves when the concentration of 
salicylic acid in the reference cell is greater than 
that required to reach the balance point. The wave- 
length of the trough for the undercompensated first- 
derivative curves and the wavelength of the peak 
for the overcompensated curves, was found to be 
constant at 316 nm. This confirms that the first- 
derivative curve of aspirin is a constant function of 
wavelength in this region. This agrees with the find- 
ings of Kitamura and Majima2’ who found that 
recording the second-derivative curve for a mixture of 
salicylic acid and aspirin eliminates completely the 
aspirin contribution. In other words the absorption 
curve of aspirin in the region of 316 nm is a linear 
function of wavelength. The absorption curve for 1% 
aspirin solution known to contain 0.0005% salicylic 
acid, measured against 0.005% salicylic acid solution, 
was found to be a linear function of wavelength over 
the range 310-350 nm. 

When the first-derivative compensation method 
was applied to sample D, we could not reach a 
balance point, and the first-derivative curve of a 1% 
solution of D had a trough at 318 nm. This trough 
was shifted to longer wavelengths as the concen- 
tration of salicylic acid in the reference solution, C,, 
was increased (Fig. 4). These findings suggest that this 
sample cannot be assayed by the AD, method or the 
first-derivative compensation method. Furthermore, 
the second-derivative method2’ cannot be applied to 
this particular sample either, because the interference 
is due to an absorption that is a non-linear function 
of wavelength. The chemical nature of the interferent 
cannot be ascertained by spectrophotometric 
methods. It can only be said that it is an impurity 
other than salicylic acid, interfering in the wavelength 
range 310-340 nm. 

The compensation technique makes it possible to 
test for the validity of using the AD, or the second- 
derivative curve methods. If the first-derivative curves 
do not show any shift in the wavelength of the trough 
(or peak) during the course of compensation, then 
interferents are either absent or have an absorption 
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Fig. 4. First-derivative D, curve of 1% solution of aspirin 
containing impurities other than salicylic acid, D, difference 
curves obtained by compensation method with salicylic acid 
solutions of increasing concentrations in the reference cell. 

No balance point was obtainable. 

spectrum that is a linear function of wavelength in the 
region of interest. Three compensated curves for 
well-separated concentration levels would suffice for 
this test. There is no need to reach the exact balance 
point. 

Sample D also failed to pass the limit test. 

Determination of salicylic acid in aspirin tablets 

The AD, method, the compensation first-derivative 
method and the BP (1980) limit test were all applied 
to 8 different tablet formulations. The results ob- 
tained are shown in Table 2. The aspirin content in 
each formulation was first determined by the BP 
(1980) titrimetric method. 

The compensation first-derivative test showed that 
all the samples except H could be analysed by the 
AD,, first-derivative and second-derivative methods. 
Sample H gave difference curves similar to those 
shown in Fig. 4, indicating the presence of an inter- 
ferent that invalidated the derivative spectrophoto- 
metry methods. 
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Table 2. Determination of salicylic acid (%) in aspirin tablets by different 
methods 

BP (1980)* 
aspirin assay, 

Sample mg 

(400) 411.8 
II* (650) 661.6 
K$ (325) 332.3 
L (325) 324.5 

mt Compensations 

0.045 0.044 
0.061 0.062 
0.316 0.320 

not calculated not defined 
0.038 0.037 
0.067 0.065 
0.084 0.084 
0.093 0.092 

BP (1980) 
limit test 

Pass 
Pass 
Pass 
Pass 
Pass 
Pass 
Pass 
Pass 

*Figures in parenthesis are labelled amount of aspirin, mg, per tablet. 
tEach result is the average of three independent assays. 
#alicylic acid is less than 0.15% by the BP limit test, whereas the assay is 

above the allowed limit. 
SEnteric-coated tablets; the coating was removed before the assay. 
Sample I contains 32 mg of caffeine and 400 mg of aspirin per tablet. 

The effect of the caffeine present in sample I was 
investigated; the absorption curve for caffeine was 
found to be a linear function of wavelength over the 
range 310-350 mn, so it does not interfere with the 
first-derivative methods. 

Samples J and K were enteric-coated red tablets. 
The enteric coating was removed before the analysis. 
If the coating was left in the powdered tablets, it 
interfered with the assay and gave erroneous results. 

All the formulations passed the BP limit test, in 
agreement with the fiat-de~vati~e method results 
except for sample G. This sample is described as 
“Separately Coated Micrograins”. The materials 
used for the coating are variable and cannot be 
exactly defined. The coating could be made of 
carboxymethylcellulose, glycols, gelatin, polymers or 
a ~mbination of these materials or others. Some of 
these materials are known to react with iron(III), the 
reagent used in the limit test, so competitive reaction 
may explain why the BP method failed in this case. 
Hence it is possible that the BP limit test may 
sometimes give false “pass” results. 

When five quantities of salicylic acid (0.4-0.8 mg) 
were added to 1 g quantities of aspirin and assayed 
by the AD, method, the mean recovery of the added 
salicylic acid was found to be 100.2% (rsd 1.7%). 

The solvent used was that recommended by 
Kitamura and Majima,2’ who found that hydrolysis 
of aspirin to salicylic acid was most effectively sup- 
pressed by a 1% solution of monochloroacetic acid in 
ethyl alcohol. 

The AD, method takes about 10 min, and the 
compensation method takes about 20 min for record- 
ing of four compensation curves. 

Interferences from impurities other than salicylic 
acid were investigated with 0.001% solutions. 
The ~licyl~li~ylic acid absorption curve was found 
to have peaks at 308 and 242 nm (Fig. 5). Its flrst- 
derivative curve had troughs at 323 and 248 nm and 
peaks at 294 and 233 nm. The trough at 323 nm 
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Fig. 5. Absorption curve for 0.001% ~licylsalicylic acid 
solution (-) and its first-derivative curve (----). 

interferes with that of salicylic acid at 316 nm. 
Accordingly, salicylsalicylic acid, if present, will 
be calculated as salicylic acid whenever the first- 
derivative methods are applied. The absorption 
curves of acetylsalicylsalicylic acid and acetylsalicylic 
anhydride were similar to each other and had 
peaks at 274 and 238 nm, which coincide with those 
of aspirin. The first-derivative curves were flat at 
316 nm. Therefore, these two substances will not 
interfere with the determination of salicylic acid in 
aspirin by the first-derivative methods. 

Salicylic acid can be. determined in aspirin and its 
tablets by first-derivative spectrophotometry at 3 16 
nm by a baseline method (AD,), the validity of which 
can be tested by the compensated first-derivative 
method. The validity of the second-derivative method 
can be similarly tested. Some tablet fillers and con- 
stituents may interfere with the iron(II1 jsalicylic 
acid colour test, so the BP limit test for salicylic acid 
may fail. 
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,Somntary-A sensitive and selective stripping voltammetric ultratrace determination of copper is 
described, based on adsorptive accumulation of the Cu(II)-nioxime complex on the surface of a hanging 
mercury drop electrode, followed by the reduction of the adsorbed complex during the cathodic scan. The 
analytical conditions for the determination of copper by differential-pulse and linear-scan absorption 
voltammetry have been optimized. The method is compared to the routine anodic stripping voltammetric 
method for copper. Its applicability to river and potable water analysis is illustrated. The detection limit, 
restricted by the blank, is about 0.5 pg/l.; the relative standard deviation (at pg/l. level) for a standard 
solution is below 5% and for water samples is 5-P%. 

Ultratrace amounts of copper are usually determined 
by anodic stripping voltammetry with a hanging 
mercury drop electrode or a mercury film electrode,’ 
or by a very sensitive and precise differential pulse 
anodic stripping method using a rotating gold elec- 
trode.2*3 In the presence of thiocyanate, copper can be 
determined both by anodic stripping voltammetry4 
and by cathodic stripping voltamm~t~.5 Recently, 
adsorption voltammetry has also been applied to 
determine copper in the form of its complexes with 
catecho16 or 8-hydroxyquinoline,7 as well as after 
preconcentration of copper on a carbon-paste elec- 
trode modified with a cation-exchange resin8 In 
anodic stripping voltammetry with prior electrolytic 
de~sition of copper, the presence of a large excess of 
other metal ions forming amalgams may cause prob- 
lems. Also the anodic stripping voltammetric curves 
for copper in most supporting electrolytes are partly 
overlapped by the current for anodic dissolution of 
mercury, which makes correct measurement of the Cu 
peak current dit%cult at low concentrations. In con- 
trast, in methods involving adsorptive accumulation 
of copper complexes at a potential more positive than 
the reduction potentials of most metal ions, the 
interferences caused by the latter are rather small. 

Adsorption voltammetry involves the preliminary 
adsorptive concentration of an electroactive complex 
on the surface of a hanging mercury drop electrode 
at a fixed potential more positive than the reduction 
potential of the complex, and subsequent measure- 
ment of the reduction peak of the adsorbed complex 
during the cathodic scan. The principles of this 
method, as we11 as some analytical applications of it, 
have been described by Vydra et al.,’ Kaivoda,“” 
Wang’* and Niirnberg et al.‘3*‘4 

In previous studies, Is-i7 the polarographic proper- 

*Dedicated to Professor E. Gorlich. 

ties of the copper complexes with dimethylglyoxime 
(DMG), 1,2~yclohexan~on~ioxime (nioxime) and 
a-furildioxime were examined, and it was found that 
the Cu(II)-dioxime complexes, similarly to the com- 
plexes of nickel and cobalt with DMG, are adsorbed 
on mercury electrodes, which results in a considerable 
increase in the copper peak current under the condi- 
tions of pulse polarography and linear potential 
sweep polarography. The adsorptive properties of 
Gu(II)-dioxime complexes may be successfully uti- 
lized for a highly sensitive copper determination by 
adsorption voltammetry. The aim of the present 
study was to establish the optimum conditions for 
this determination. 

EXPERIMENTAL 

Apparatus 

Current-sampled DC (SDC) and differential pulse (DP) 
voltammetric curves were recorded with a digital PP-04 
pulse polarograph (Unitra-Telpod, Poland) and KP-6801 
X-Y recorder (Kabid-Press, Poland). 

The linear potential fast sweep voltammetric (LPSV) 
curves were recorded with an OP-4 digital poiarograph 
(Unitra-Telpod) with a voltage scan-rate of 1 V/set. This 
polarograph enables the user to observe the current- 
potential curve on the screen and simultaneously to read the 
peak current and peak potential of the LPS voltammetric 
curve. All voltammetric measurements were obtained with a 
conventions J-electrode system consisting of the hanging 
mercury drop eiectrode (HMDE), a saturated calomel elec- 
trode as reference and a platinum spiral as counter- 
electrode. The HMDE’* or SMDE-1 static mercury drop 
electrode (Laboratomi Pfistroje, Czechoslovakia) had a 
surface area of 4 mm*. 

All measurements were made at room temperature, kept 
constant at 20 I: 2”. 

Reagents 
A stock 1M ammonia buffer solution @H 9.2) was 

prepared from Merck “Suprapur” grade ammonia and 
ammonium chloride. Other reagents were of analytical- 
grade purity. Dimethylglyoxime, 1.2.cyclohexanedione- 
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dioxime and a-furildioxime were recrystallized from ethanol 
and their O.OlM solutions were prepared by dissolving 
appropriate amounts in 96% ethanol. All water was doubly 
distilled in fused-silica apparatus. The solutions were deaer- 
ated with argon priot to recording of the voltammetric 
curves. 

Procedure 
Water samples were collected in polyethylene bottles, 

filtered, and acidified to pH 2 with hydrochloric acid. After 
irradiation for 2.5 hr with a 150-W mercury lamp 20 ml of 
sample were transferred to the electrolytic cell and 2.5 ml of 
1M ammonia buffer and 1.25 ml of 10e2M nioxime were 
added. After 8 min deaeration with argon with no voltage 
armlied. cooner was accnmulated on the HMDE at -0.2 V 
fo; a defmite period of time (36-60 set) from a stirred 
solution, The stirring was then stopped and after 15 set the 
voltammetric curve was recorded over the potential range 
from -0.2 to -0.7 V. The copper peak was measured at 
about -0.5 V. For quantification the method of standard 
additions was used. 

RESULTS AND DISCUSSION 

The currents obtained by LPS adsorption voltam- 
metry on an SMDE used as a hanging drop electrode 
(Fig. 1) show that the copper peak current increases 
in the following sequence of complexes: Cu-DMG < 
Cu-u-furildioxime < Cu-nioxime. 

Moreover, of the peak potentials of all the com- 
plexes examined, that of the nioxime complex is the 
most negative and most remote from the final current 
rise of the anodic dissolution of mercury (Fig. 2). For 
these reasons this complex was selected for the deter- 
mination. 

To determine the optimum conditions for the 

it 
IOOmV 

adsorptive preconcentration of the nioxime complex 
at the HMDE, the effects of varying the accumulation 
time, accumulation potential, nioxime concentration 
and voltage scan-rate, as well as the effects of other 
elements on the Cu current, were investigated by 
SDC-AV, DP-AV and LPS-AV. 

Figure 3 shows the current-voltage curves of the 
nioxime complex in the supporting electrolyte (final 
concentration 0.1 M ammonia buffer containing 
5 x 10T4M nioxime), obtained by DP-AV and 
SDC-AV after different a~umulation times, with 
stirred and unstirred solutions. 

Curve a was recorded without preliminary accumu- 
lation, immediately after a new mercury drop was 
formed. Well defined copper peaks can also be ob- 
tained by SDC-AV (Fig. 3, e), but in this case the 
peak currents are only an eighth of those obtained by 
DP-AV. The peak potentials for the nioxime com- 
plex were Ep = -0.50 V with LPS-AV and -0.48 V 
with SDC-AV and DP-AV. 

The variation of the copper peak current with 
nioxime concentration over the range 1 x IO-‘- 
5 x 10T4M in O.lM ammonia buffer was examined 
(Fig. 4), with adsorptive p~n~ntration at E, 
= -0.2V for 60 set in stirred solutions. 

The effect of the preconcentration time on the 
copper peak current was examined for accumulation 
at I& = - 0.2 V in unstirred and stirred solutions. In 
the latter case the voltammetric curves were recorded 
after a 15-see rest period. 

The dependence of the copper peak current on the 
preconcentration time for 1.5 x 10-s and 4 x 10-8M 

I 
2 4 6 6 10 

Time, (see) 

Fig. 1. LPS adsorptive volt~~rogmm for 5 x iOb6M Cu in O.fM ammonia buffer in the absence of 
dioxime (a, a’) and in the presence of 5 x 10e4M DMG (b, b’), a-furildioxime (c, c’), and nioxime (d. d’) 
obtained with SMDE and two time delays: 1 set (a, b, c, d) and 9 set (a’, b’, c’, d’). Preconcentration 
potential -0.2 V: scan-rate 1 V/set. Also shown are the resulting current-time delay plots for S x IOe6M 
Cu in O.lM ammonia buffer in the absence of dioxime (A), and in the presence of 5 x lo-‘M DMG (B), 

a-furildioxime (C) and nioxime (D). 
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Fig. 2. Comparison of DP-AV (a, b) DC-AV (c, d) and LPS-AV (e, f) curves of 5 x 10m8M Cu in O.lM 
ammonia buffer, 5 x 10e4M nioxime, obtained in stirred solution at accumulation potentials of -0.2 V 

(curves b, d, f), - 0.05 V (curves a, c) or - 0.1 V (curve e): 1, = 30 sec. 

copper is shown in Fig. 5. The stirring of the solution 
considerably reduces the time required to establish 
the adsorption equilibrium and the copper peak 
current becomes maximal after accumulation for 
about 60 sec. The dependence of the DP-AV 
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Fig. 3. DP-AV curves (a-d) and DC-AV curve (e) for 
4 x lo-*M Cu in 0.N ammonia buffer, 5 x 10e4M 
nioxime, obtained in unstirred (a, c) or stirred (b, d, e) 
solution. Preconcentration period: (a) 0; (b) 20; (c) 320; (d, 
e) 60 set: preconcentration potential -0.2 V; scan-rate 26.3 _?, 

mv/sec. 

t occ , bed 
Fig. 5. Dependence of DP-AV peak current for 
1.5 x lo-*M Cu (a) and 4 x IO-*M Cu (b) in 0.M ammo- 
nia buffer containing 5 x 10-‘M nioxime, on the preconcen- 

tration time in stirred solution. E, = -0.2 V. 
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Fig. 4. Dependence of DP-AV peak current for 5 x 10-8M 
Cu in O.lM ammonia buffer on nioxime concentration. 
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Fig. 6. Effect of the p~oncent~tion potential on the 
DP-AV peak current for copper. Supporting electrolyte: 
O.lM ammonia buffer, 5 x 10m4M nioxime. Preconcentra- 
tion time 60 sec. (a) Blank solution spiked with 5 x IO-‘M 

Cu. (b) Spring water spiked with 6.5 x lo-‘M Cu. 

peak current on the accumulation potential in 0.1M 
ammonia buiTer containing 5 x 10s4M nioxime, pre- 
pared in distilled water and in unmineralized spring 
water, are shown in Fig. 6. Within the range from 
-0.2 to -0.3 V the copper peak current remains 
constant and maximal. At potentials more positive 
than -0.2 V the adsorption of chloride ions com- 
petes with the adsorption of the nioxime complex; at 
potentials more negative than -0.4 V reduction of 
the complex begins. In subsequent measurements and 
dete~nations a preconcentratiou potential, E,,, of 
-0.2 V was used. 

The effect of the scan-rate (u) on the peak current 
was examined by SDC-AV, with a~umulation of the 
complex for 60 sec. Within the range 10-100 mV/sec 
the relationship log Zp vs. log u was linear (correlation 
coefficient r = O-9993), with a slope of 0.84. For the 
DP-AV measurements the usual scan-rate was 26.3 
mV/sec, with which the voltammetric curves were 
best shaped. 

Analytical possibilities of the method 

The reproducibility of the method was estimated in 
three ways. 

A. For a standard solution containing 5 x 10-*&Z 
copper, O.lM ammonia buiTer and 5 x 10e4M 
nioxime, 6 successive voltamperograms were 
recorded by DP-AV (E,,, = -0.2 V, t, = 60 set) or 
LPS-AV (E,, = -0.2 V, t, = 30 see), with and 
without stirring. The relative standard deviations (S,) 
were 5.8% (unstirred solution), 2.7% (stirred solu- 
tion) for DP-AV, and 2.0% (stirred solution) for 
LPS-AV. 

B. S, for DP-AV at the 2 x IO-*A4 level was 4.9% 
(n = 5). 

C. The copper content in 5 successive portions 
containing 2 x 10m8M copper was determined by 
DP-AV with two standard additions. The mean 
copper con~ntration found was (2.33 f 0.08) x 
lO-8M, with S,= 3%. The positive error of 
(0.33 f 0.08) x 10-‘M copper indicates a systematic 
error due to copper in the blank solution. The 

adsorptive voltamperograms of a blank solution con- 
sisting of O.lM ammonia buffer, 5 x 10m4M nioxime, 
prepared in distilled water, showed small copper 
peaks. The average copper content in the blank 
solutions was found to be (0.48 f 0.17) x 10vBM 
(triplicate determinations by DP-AV with two stan- 
dard additions}. 

Because of the adsorptive character of the 
Cu-nioxime voltammetric curve, the concentration 
dependence is non-linear, but a linear dependence is 
obtained up to 1.4 x 10v7M copper for two accumu- 
lation times: 20 and 60 set in stirred solutions. When 
DP-AV is used, < 1 p&l. copper may be determined, 
but this concentration level is normally the magni- 
tude of the blank value under conventional labora- 
tory conditions, which determines the practical limit 
of detection. Reagent purity and contamination from 
laboratory air” are the major limiting factors in the 
analysis of samples with still lower con~ntrations of 
copper. The linearity range can be extended by the 
introduction of adsorptive preconcentration in un- 
stirred solutions, by increasing the electrode surface 
area or by using an ammonia buffer of higher concen- 
tration, e.g., 0.5M. In unstirred solutions (aceumula- 
tion time 60 set) the upper limit of the linear range 
is increased to 5 x lo-‘M copper. The sensitivities 
(expressed as slopes of the calibration plots) for 
adsorptive preconcentration for 60 set without stir- 
ring, and for 20 and 60 see with stirring, were in the 
ratio 1: 2.2 ~4.4. 

Interferences 

In adsorptive voltammetry interference may arise 
from competitive adsorption of ions or their com- 
plexes on the surface of the HMDE or from reduction 
peaks in the vicinity of the analyte peak. Traces of 
most other metals forming amalgams do not interfere 
in the dete~nation of copper, as the adsorption 
accumulation is done at -0.2 V, and then the 
electrode is polarized in the cathodic direction. 
Tests have revealed that the presence of up to 
1.5 x 10e4M zinc, 1 x 10w6M lead, 1 x 10m5M bis- 
muth, 1 x 10m6M silver, 2 x 10m5M cadmium, 
7.5 x 10-‘&Z iron(III) has no significant effect (error 
< 3 standard deviations) on the DP-AV peak current 
for 5 x 10-*M copper in O.lM ammonia buffer with 
5 x 10F4M nioxime. Nickel and cobalt also form 
complexes with nioxime, but concentrations of up to 
1.25 x 10A6M nickel and 1.5 x 10m6M cobalt do not 
interfere in the determination of 5 x 10-8M copper. 
Though higher concent~tions of nickel and cobalt 
decrease the copper peak current by a competitive 
adsorption of their nioximates on the HMDE, the 
copper can still be determined by the standard addi- 
tion method. 

Moreover, it is possible to determine simulta- 
neously copper and cobalt with high sensitivity in the 
presence of an excess of nickel and zinc?O In adsorp- 
tive voltammetry surface-active substances may re- 
duce the sensitivity by blocking the electrode surface. 
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Fig. 7. Dependence of DP-AV peak current for 4 x lo-*II~ 
Cu on Triton X-100 concentration. Supporting electrolyte: 
O.lM ammonia buffer, 5 x 10e4M nioxime. r, = 60 set; 

E, = -0.2 V. 

The presence of a model surfactant, 2 x 10e5% Tri- 
ton X-100 in the sample solution almost halved the 
AV peak current for copper. When the concentration 
of Triton X-100 was 10e4% the copper peak current 
was almost completely suppressed (Fig. 7). 

Application 

Voltammetric methods for the determination of 
heavy metals are most frequently employed in the 
analysis of sea and ocean waters, river, sewage, rain 
and potable waters. Most of these waters contain 
some organic substances which can form copper 
complexes, as well as some surface-active substances. 
Voltammetric determinations of copper in such 
waters usually require prior decomposition of the 
organic substances,32’ e.g., by ultraviolet irradia- 
tion 3*21-24 wet 
with ozone2’*2s 

acid digestion, y-radiation,2’ treatment 
or electrochemical mineralization.26 In 

some drinking and rain waters Cu, Cd, Pb and Zn 
can be determined directly by ASV without 
mineralization.’ 

The direct determination of copper in potable and 
river waters without prior decomposition of the 
organic matter was examined. In preliminary tests it 
had been found that the peak current was influenced 
by dissolved organic matter, to an extent dependent 
on the method of sample preparation. 

The highest sensitivity for the determination of 
copper in unmineralized samples was obtained after 
acidification and addition of the solution of ammonia 
buffer containing enough nioxime to give a final 
concentration of 5 x 10e4M. However, the results for 
copper in untreated river and tap water samples were 
still 30 and 15% lower, respectively, than those 
obtained after ultraviolet irradiation. Bond and Lus- 
combe2’ have found that the determination of Ni and 
Co in natural water samples by DP-AV of their 
DMG complexes does not require mineralization of 
the samples. In their work the DMG concentration of 
5 x 10e4M was higher than that usually used, with 
the result that all the nickel and cobalt bound in the 
organic complexes was converted into dimethylgly- 
oximates. Large fractions of the copper in natural 
waters are bound organically,27 and for this reason 
increasing the nioxime concentration in the analysis 
of unmineralized water only partially reduces the 
complexing effect of organic substances. Moreover, 
the presence of natural organic surfactants in un- 
treated water samples suppresses the copper analyti- 
cal signal. For this reason, dissolved organic matter 
should be destroyed by ultraviolet irradiation of the 
acidified water sample for at least 2.5 hr. Some results 
for the determination of copper in river water and 
potable water are given in Table 1. 

Comparison of the adsorptive voltammetry with 
conventional anodic stripping voltammetry 

The supporting electrolyte of ammonia buffer with 
added nioxime can be employed for copper determi- 
nation by both adsorption voltammetry and conven- 
tional anodic stripping voltammetry. Figure 8 shows 
the DP-AV and DP-ASV curves for copper. With 

Table 1. Determination of copper in river and potable waters after uhraviolet- 
irradiation 

Samole 

Copper concentration, pg/l. 

DP-AV method DP-ASV method? 

n* Mean sd* n* Mean sd* 

River water 
Raba (sample No. 1) 5 2.91 0.17 4 3.11 

River water 
Raba (sample No. 2) 3 2.32 0.15 

Tap water taken just 
after opening tap 4 13.4 0.9 2 13.2 

Tap water taken 10 min 
after opening tap 3 2.77 0.24 

Spring watert 4 0.5 0.14 

*n = number of determinations; sd = standard deviation. 
tsupporting electrolyte O.lM HNO,, t, = 200 set, E, = -0.8 V. 
SUnirradiated sample. 

0.27 

0.4 
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et V e, v 
Fig. 8. Comparison of the adsorptive (DP-AV) and elec- 
trolytic stripping (DP-ASV) techniques for copper in a tap 
water sample. (a) DP-AV of diluted (1 + 4) tap water 
sample in supporting electrolyte of O.lM ammonia buffer, 
5 x lo-“M nioxime after 30 see adsorptive preconcentration 
at -0.2 V; (b) DP-ASV of the same system after 300 set 

electrolytic preconcentration at -0.8 V. 

adsorptive preconcentration of copper for 60 set, the 
peak current in DP-AV was ten times that of the 
peaks for DP-AV with 60 set deposition from 0.W 
hydrochloric acid (routinely used for determining 
copper in waters), and the peaks were narrower. To 
obtain the same sensitivity in the DP-ASV method as 
that of DP-AV, an accumulation time of over 10 min 
would be needed. 

Voltammetric curves for copper can also be ob- 
tained after adsorptive accumulation of the nioxime 
complex, by SDC-AV or LPS-AV. The applicability 
of SDC-ASV is narroweti6*2q and the determination 
limit (t, = 3 min) is about 5 x lO-‘M?’ The AV 
method yields well shaped almost symmetrical peaks, 
and measurement of the peak currents does not 
present any difficulties. On the other hand, with ASV 
the copper peak is influenced by the background 
current due to anodic oxidation of mercury. This 
effect, pa~icularly significant in the presence of 
chlorides, is responsible for the asymmetry of the 
DP-ASV curves for copper, and makes it necessary 
to take into ~nsideration the backgro~d current 
when measuring the peak current, which may result 
in poorer precision. However, for multicomponent 
analysis the DP-ASV method is more suitable as it 
can be used for simultaneous determination of Cu, 
Pb, Cd and Zn in comparable concentrations. Ad- 
sorption voltammetry does, however, permit simulta- 
neous determination of copper and cobalt, and 
further, in the adsorption voltammetric method the 
effect of an excess of electroactive substances on the 
copper determination is smaller than in anodic strip- 
ping voltammetry. 

The method developed makes a good complement 
to the anodic stripping method for copper and ex- 

tends the possibilities of voltammetric methods in 
trace analysis. 
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PRECONCENTRATION OF LANTHANIDES FROM 
NATURAL WATERS WITH A LIPOPHILIC CROWN 

ETHER CARBOXYLIC ACID 
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Summary-Lipophilic crown ether carboxylic acids such as 2-(sym-dibenzo-16-crown-5-oxy)stearic acid 
wtih a cavity size comparable to the ionic radius of rare-earth elements are selective chelation agents for 
preconcentration and separation of lanthanides from natural waters for NAA. Interfering matrix elements 
such as sodium and bromine can lx. simultaneously eliminated during the extraction. The lanthanides can 
be back-extracted into a dilute acid solution for NAA, thus providing a large preconcentration factor. 
This two-step extraction method appears suitable for the determination of lanthanides in natural waters 
and in biological samples. 

The use of macrocyclic polyethers (crown ethers) as 
extractants in the liquid-liquid extraction of metal 
ions has evoked wide interest in recent years.im3 
Structural modification of these compounds may 
enhance their complexation ability and extractability. 
It has been shown that crown ethers wtih pendant 
carboxylate groups have advantages over neutral 
crown ethers for the separation and concentration of 
metal ions. For example, counter-anions may not be 
required during cation extraction with crown ether 
carboxylic acids, because of the negative charges 
carried by the ligands. 4s In addition, the extraction is 
generally pH-dependent, and the complexed metal 
ions may be easily stripped at low pH. Crown ether 
carboxylic acids are surprisingly efficient and selective 
for extracting tervalent lanthanide ions.s*6 These types 
of ionizable crown ethers may be specific agents for 
preconcentration of the lanthanides from complex 
aqueous solutions and natural waters for analytical 
purposes. 

Neutron activation analysis (NAA) is one of the 
most sensitive methods for determining rare-earth 
elements.’ Under interference-free conditions, NAA 
can easily detect nanogram levels of lanthanides with 
fairly good accuracy. However, direct application of 
NAA to lanthanide determination in natural waters 
is often not possible, because of their low concen- 
trations and matrix interferences, especially in com- 
plex systems such as sea-water. Tedious and lengthy 
separation processes taking as long as two months 
have been used in the past in combination with NAA 
for the determination of lanthanides in natural 
waters.’ Crown ether carboxylic acids appear attrac- 
tive for preconcentrating trace elements for NAA, for 
the following reasons: (1) their selectivity may be 

*To whom correspondence should be addressed. 

enhanced by the compatibility of the cavity and ion 
sizes, and (2) they are generally inert to neutron 
irradiation and hence would not produce background 
radiations which might interfere with trace element 
determination by NAA. In a recent report, we de- 
scribed the complexation of sym-dibenzo-ICcrown- 
Soxyacetic acid (Fig. 1) with tervalent lanthanides.s 
Major anions such as chloride, nitrate and sulphate 
in natural water systems were found to have no 
observable effect on the extraction efficiency for the 
lanthanides.’ One problem with this macrocycle, 
however, is its slight solubility in water. However, 
addition of an alkyl group to the side-chain of the 
macrocycle gives a ligand with a much lower solubil- 
ity in water. In this paper, we report the application 
of 2-(sym -dibenzo- 16-crown-5-oxy)stearic acid, an 
analogue of the macrocycle structure shown in Fig. 1, 
with R = C,6H33, for the extraction of tervalent lan- 
thanides from natural waters for NAA. Four rare- 
earth elements, lanthanum, samarium, europium 
and lutetium were selected as representatives of the 
lanthanide series for this study. 

EXPERIMENTAL 

The 2-(sym-dibenzo-16-crown-5-oxy)stearic acid (Fig. 1) 
was synthesized in our laboratory according to the pro- 
cedures given in the literature,g with slight modification. 
The lanthanide nitrates were obtained from Alfa Products. 
Standard lanthanide solutions were prepared by diluting 
spectrophotometric stock solutions (1000 ppm) also ob- 
tained from Alfa Products. All other chemicals used in this 
study were Baker Analyzed Reagents. Demineralized water 
was prepared by passing distilled water through an ion- 
exchange column (Barnstead Ultrapure Water Puritication 
Cartridge) and a 0.2~pm filter assembly (Pall Corp., Ultipor 
DFA). All containers used in the experiments were acid- 
washed, rinsed with demineralized water and dried in a class 
100 clean hood. 

A synthetic sea-water was used to evaluate the conditions 
for lanthanide extraction and was prepared according to the 
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P 

R=H symdiimzo-16-crcm5-oxycetic mid 

R = C,H, 2-@mdiimzo-16-cm-5-oxyxYhexmic mid 

R = C16H33 2-kymdiknzo-16-crmm-5+xyktearic acid 

Fig. 1. Structures of the crown ether carboxylic acids. 

recipe given in the literature. lo A surface sea-water sample 
was collected from the Seattle coast. A natural river water 
sample was also collected, from the Snake River near 
Lewiston, Idaho. The water samples were filtered with a 
0.45pm membrane filter and were kept refrigerated before 
analysis. 

Biological samples were digested in a Hach Digesdahl 
digestion apparatus. Normally about 100 mg of biological 
material was used in each analysis. Five ml of concentrated 
sulphuric acid were added to the sample in a 100~ml 
standard flask, and a drain tube was fitted as a cover. The 
sample was heated quickly in the apparatus until charring 
and total darkening of the digest occurred. The organic 
carbon in the sample was then converted into carbon 
dioxide by the gradual addition of a 50% mixture of 
analytical grade hydrogen peroxide and water through a 
micro-funnel in the drain tube, until the digesting solution 
became clear. The apparatus was allowed to cool and was 
then rinsed, the rinsings being added to the standard flask. 
The final solution was neutralized with lithium hydroxide 
and made up to 100 ml volume with demineralized water. 
The whole digestion took about 10 min. 

Extraction 
The extractant solutions were prepared by dissolving 

weighed amounts of the crown ether carboxylic acid in 
chloroform in beakers, with magnetic stirring. The concen- 
tration of 2-(sym-dibenzo-lC&own-5-oxy)stearic acid in 
chloroform was usuallv kent at 1 x IO-‘M. After dissolu- 
tion was complete, the organic phase was shaken with dilute 
hydrochloric acid @H 2) to remove potential metal impuri- 
ties in the system. After this, the organic phase was kept in 
contact with a lithium hydroxide solution to maintain the 
pH at about 7. 

In some experiments, radioisotopes were used as tracers 
to test the extraction efficiency. In other experiments, La)+, 
Eu3+ and Lu”+ were added to water samples at ng/ml levels 
or below, to study the recovery and detection limits. The 
water samples were adjusted to a desirable pH with lithium 
hydroxide-and acetic acid. In general, to each water sample 
(100 ml, in a glass-stopuered flask) 10 ml of the extractant 
solution were added, and the mixture was shaken vigorously 
on a mechanical wrist-action shaker (Burrell Model 75) for 
a fixed time at room temperature. After shaking, the mixture 
was allowed to stand for a few minutes to complete the 
phase separation. In the tracer experiments, 5 ml each of the 
organic and aqueous phases were pipetted into lo-ml glass 
vials with fast-turn caps, for gamma-counting. For NAA 
experiments, 5-8 ml of the organic phase was removed from 
the flask and placed in contact with 1.5 ml of O.OlM nitric 
acid (PH 2) in another flask. The mixture was shaken again 

for 2 min to strip the lanthanides into the acid. After phase 
separation, 0.5 ml of the acid solution was placed in a 
0.4-dram polyethylene vial which was later heat-sealed for 
neutron irradiation. 

The extraction procedures for lanthanides in natural 
waters and biological samples are similar to those for the 
recovery experiments. Normally, 1 litre of the natural water 
sample was taken for analysis. After adjustment to pH 
5.5-6.5, the water sample was extracted with two lO-ml 
portions of the extractant solution. The organic phases from 
the two extractions were combined for stripping of the 
lanthanides for NAA. For biological samples, we started 
with 100 ml of digest solution and followed the procedure 
described above. 

Neutron activation analysis 
Samples were irradiated in a I-MW TBIGA nuclear 

reactor with a steady neutron flux of 6 x lOi n.cm-2.sec-‘, 
generally for 2 hr, followed by one day of cooling before 
counting. The half-lives of the isotopes produced and the 
energies of the gamma-rays used for their identification are 
‘“La (40.2 hr, 487 keV), 1’2mEu (9.3 hr, 122 keV), “‘Srn (46.8 
hr, 163 keV) and r”Lu (6.7 d; 208 keV). A iarge-volume 
ORTEC Ge(Li) detector with a resolution of about 2.3 keV 
at 1332 keV i60Co y-ray) was used for counting. Signals from 
the detector were fed to an EG&G ORTEC ADCAM 
(Model 950A) mutli-channel analyser with software and an 
IBM-PC for data processing. 

RF.SULT?S AND DISCUSSION 

Extraction characteristics of crown ether carboxylic 

acids 

One unique property of sym-dibenxo-ldcrown-S- 
oxyacetic acid and its analogues is their high selectiv- 
ity for lanthanides relative to alkali-metal ions of 
similar size. The cavity diameter of the macrocycles 
shown in Fig. 1 is about 2.0-2.2 A. The extraction 
efficiency of sym-dibenzo-16-crown+oxyacetic acid 
for lanthanides has been shown to be at least two 
orders of magnitude greater than that for Na+, 
although the ionic radius of the latter (0.95 A) is 
similar to that of the former, which varies from 
1.15 A for La3+ to 0.93 A for Lu3+. 

Spectroscopic data have shown that both the cavity 
and the carboxylate group of the macrocycle are 
involved in complexation with lanthanides. The poor 
efficiency for Na+ has been attributed to its low 
degree of association with the carboxylate group. The 
lack of affinity for Na+ is important because sodium 
is one of the major interfering elements in NAA 
Also, the crown ether carboxylic acids do not extract 
bromine, another major interfering element in natural 
water systems. Therefore, the crown ether carboxylic 
acids with the basic structure shown in Fig. 1 can 
serve the dual purpose of preconcentrating lan- 
thanides and eliminating some matrix interferences at 
the same time. 

One problem in using ionizable crown ethers in 
solvent extraction is their solubility in water. For 
example, the solubility of sym-dibenzo-ldcrown+ 
oxyacetic acid in water at room temperature has been 
reported to be 5.8 x 10m4M. However, this problem 
can be overcome by adding alkyl groups to the basic 
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Table 1. Recovery of La3+, Eu’+ and Lu3+ spikes from synthetic sea-water 

Added, 
rig/l 00 ml Recovery, % 

La Eu Lu Ia Eu Lu 

55.6 7.6 I 96.3 f 2.1 97.07 f 1.8 99.5 f 1.2 
278 60.8 35 98.4 f 1.5 95.8 f 2.6 99.0 f 1.4 

1750 760 700 101.8 i 3.2 98.6 f 2.8 97.9 f 1.7 
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macrocycle structure, making the ligand more 
lipophilic. When a C,H, group is attached to 
the side-chain of sym-dibenzo-16-crown-S-oxyacetic 
acid, the solubility of the resulting macrocycle, 2- 
(sym -dibenzo-16-crown-5-oxy)hexanoic acid, is lower 
by about an order of magnitude, at 5.6 x 10d5M. In 
the case of 2-(sym -dibenzo- lbcrown-5-oxy)stearic 
acid where R = C,,H,,, the solubility is estimated to 
be about 1 x lo-‘M. Therefore, with an initial con- 
centration of 1 x 10e3M 2-(sym-dibenzo-16crown- 
5-oxy)stearic acid in the organic phase, the amount 
of complexing agent which might be lost to the 
aqueous phase during extraction is relatively small. 
Recent studies have shown that the extraction 
efficiency for lanthanides increases with increasing 
lipophilicity of the crown ether carboxylic acid, and 
the high selectivity toward lanthanides remains the 
same.” 

The pH has a significant effect on the extraction of 
lanthanides wtih crown ether carboxylic acids. Quan- 
titative extraction of lanthanides with 2-(sym- 
dibenzo-16-crown-5-oxy)stearic acid was observed 
over the pH range 5-7. There was virtually no 
extraction of lanthanides at pH < 3.0. A pH range of 
5.5-6.5 was chosen as standard for the extraction. 
At pH values above 8, there is a possiblility of micelle 
formation, which may result in slow phase separ- 
ation. To control the pH of extraction, a sodium 
acetate buffer was used and this caused no observable 
interference. 

The rate of extraction is generally high; the shaking 
time required for quantitative extraction depends on 
the metal concentration, the phase-volume ratio 
and the matrix of the sample. A shaking time of 
10 min is sufficient for quantitative recovery from 
synthetic sea-water. Back-extraction with acid allows 
concentration of the lanthanides into a small volume 
of aqueous phase, which can then be transferred 
into a polyethylene vial for neutron irradiation. 
All the lanthanides studied can be quantitatively 
stripped by shaking with O.OlM nitric acid @H 2) for 
1 min. 

The accuracy of this extraction method for the 
determination of lanthanides could not be thoroughly 
evaluated, because no standard waters containing 
known amounts of these lanthanides are available. 
However, some biological standards with known 
lanthanide concentrations were digested and tested. 
Extraction from synthetic sea-water spiked with 
La3+, Eu3+ and Lu3+ at concentrations ranging from 
several hundred pg/l. to < 1 pg/l. gave satisfactory 

recoveries, as shown in Table 1, when a lOO-ml 
sample was extracted with 10 ml of 1 x lo-‘M 
2-(sym-dibenzo-16-crown-5-oxy)stearic acid in 
chloroform. All results were obtained with a single 
extraction and a shaking time of 10 min. Both the 
radioisotope tracer technique and NAA were used to 
evaluate the lanthanide recovery, and the results were 
consistent. In the tracer experiments, the radioactive 
isotopes were added to the aqueous solution before 
the extraction, whereas in the NAA only non- 
radioactive isotopes were added to the solution and 
were extracted before the neutron irradiation was 
applied. For the natural sea-water sample, we found 
that one extraction under the specified conditions 
usually gave only around 90% recovery or less. A 
second extraction under the same conditions was 
necessary to achieve total recovery of lanthanides 
from the spiked samples. 

A natural sea-water sample spiked with a pg/l. 
level of radioactive Lu’+ was also used to test the 
effect of naturally occurring ligands on extraction of 
the lanthanides. The isotope-spiked water sample was 
stored for one month before extraction of the lan- 
thanide. With the extraction procedures described 
above, recovery of Lu3+ was virtually complete for 
the aged sample, suggesting that the natural ligands 
are without significant effect. 

With the two-step extraction procedures described, 
an overall preconcentration factor of 500 can be 
achieved with a 1-litre water sample and stripping 
into 2 ml of acid solution. The detection limits (taken 
as the amount equivalent to three times the standard 
deviation of the background signal) of the lan- 
thanides determined by this extraction method with 
irradiation for 2 hr and counting for 3600 set were 
estimated to be 0.2 ng for La3+, 0.3 ng for Sm3+, 
0.02 ng for Eu3+ and 0.02 ng for Lu’+. 

Applications to natural waters 

In the determination of lanthanides in natural 
samples by NAA, uranium is a potential interferent. 
23*U captures a neutron to form 23gU, which decays 
(t,,* = 23.5 min) to 239Np. One of the gamma-peaks 
(209 keV) from the decay of 239Np (t,,* =2.3 d) 
overlaps with the major “‘Lu peak (208 kev) used in 
our procedure for its identification. Another major 
gamma-peak of l”Lu occurs at 113 keV, which 
usually has a high bremsstrahlung background and is 
overlapped by other minor peaks produced in natural 
water systems. The 113 keV peak is not as sensitive 
as the 208 keV peak for Lu determination. According 
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Table 2. Concentrations of La, Eu and Lu found in natural waters @g/l.) 

La Eli LU 

Seattle sea-water 3.1 f 0.6 0.05 f 0.01 0.30 f 0.06 
Snake River water 4.3 f 0.8 0.16 f 0.02 0.19 + 0.03 

Table 3. Concentrations of La, Sm, Eu and Lu @g/g) found in NBS reference materials 

La Sm Eu Lu 

Pine needles 
SRM-1575 

NBS 
This work 

Orchard leaves 
SRM-1571 

This work 

0.2* NA 0.006* NA 
0.27 f 0.05 0.0054 + 0.0014 0.0052 f 0.0015 0.021 f 0.004 

0.60 + 0.13 0.042 f 0.010 0.049 f 0.012 0.12+0.02 

*Uncertified values. 

to our experiments, fig/l. levels of uranium added to ported as 2.9,O. 114 and 0.12 rig/l.. for La, Eu and Lu 
the synthetic sea-water can be almost quantitatively respectively, but slightly lower than those reported 
extracted (> 90%) by all three of the crown ether for the solution phase of the surface water in the Gulf 
carboxylic acids in the pH range 6-7. We estimated of Mexico, where the Eu and Lu concentrations were 
that extraction of 40 pg/l. uranium from 100 ml of the 0.4 and 0.5 ng/1.14 Therefore, the average La3+, Eu3+ 
synthetic sea-water would produce gamma-radiation and Lu’+ concentrations in sea-water reported in the 
at 209 keV which is equivalent to about 7 ng of Lu, literature are consistent with the values obtained by 
or about 0.07 pg/l. Lu in the 100 ml of original water this method. Seasonal variations between 1 rig/l.. 
sample. The natural uranium level in sea-water is and 1.76 pg/l. for La in Columbia River water were 
about 5 pg/l., which would be capable of contributing found during 1962 by Si1ker.i’ These values may have 
a signal equivalent to 0.008 pg/l. Lu in a loo-ml a high uncertainty beause the samples were directly 
sample, according to our estimate. Therefore, de- analysed by NAA without prior separation of other 
pending on the relative amounts of uranium and ionic species, including sodium and uranium. At 
lutetium present in a natural water system, the former present it is difficult to compare our river water 
could be a problem for the quantification of the latter values with measurements of greater reliability than 
by NAA. these. 

Hsgdahl and Melsom reported a ferric hydroxide 
co-precipitation method for concentrating the lan- 
thanides from sea-water for NAA.8 In their proce- 
dure, uranium was separated from the lanthanides by 
ion-exchange after dissolution of the ferric hydroxide 
precipitate in an acid solution. Mok et al. have shown 
that uranium in sea-water can be quantitatively ex- 
tracted with diethyldithiocarbamate (DDC) into 
chloroform in the pH range S-7.‘* Our experiments 
also indicated that the lanthanides cannot be ex- 
tracted by DDC under these conditions. Therefore, 
the DDC extraction step can be used to remove 
uranium interference prior to extraction of the lan- 
thanides with the macrocycles described in this paper. 
In the actual procedure, we used 5 ml of a 2% 
NaDDC solution for each 100 ml of natural sea-wa- 
ter for the removal of uranium. This DDC extraction 
step did not seem to have any observable effects on 
the lanthanide extraction by crown ether carboxylic 
acids. 

Results for NBS reference materials 

The La’+, Eu’+ and Lu’+ concentrations in a 
sea-water sample collected from the Seattle coast and 
in the Snake River water collected from Lewiston, 
Idaho, were determined by the NAA procedure with 
Z(sym-dibenzo-16-crown5)stearic acid. The results 
are given in Table 2, and are higher than the average 
concentrations in bulk Pacific Ocean water,13 re- 

A high-temperature acid digestion method using 
sulphuric acid and hydrogen peroxide in a Hach 
Digesdahl apparatus was employed for the 
digestion of two NBS agricultural standard reference 
materials: pine needles (SRM 1575) and orchard 
leaves (SRM 1571). The solutions after digestion 
were extracted by the same procedure as the natural 
water samples and analysed by NAA. The results 
are presented in Table 3. Each standard was 
analysed in duplicate and the average values are 
given. These materials were chosen to demonstrate 
the possibility of applying this extraction method to 
the determination of lanthanides in biological sam- 
ples. The pine needle standard is one of the few 
biological reference materials which have reference 
concentrations of some lanthanides. Our results for 
the pine needles compared quite favourably with the 
reference (uncertified) values for La and Eu given by 
NBS. 
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Sununary-Coulometric generation of H+ ions by the oxidation of hydrogen dissolved in palladium, in 
media such as acetone, methyl ethyl ketone, methyl isobutyl ketone, cyclohexanone, acetic anhydride and 
acetic acid-acetic anhydride mixture, for use in titration of bases, has been investigated. The hydrogen 
is oxidized at potentials which are much more negative than those of the bases and other components 
present in the solution. Titrations of numerous bases have established that the oxidation is quantitative 
and proceeds with 100% current efficiency. 

More than 120 years ago Graham’ discovered that 
palladium absorbs a large quantity of gaseous hydro- 
gen; since then, hydrogen dissolved in palladium has 
been the subject of many investigations. Hydrogen 
dissolved in palladium can be oxidized anodically’ or 
by means of various oxidizing agents.‘” We have now 
investigated the possibility of coulometric generation 
of H+ ions by the oxidation of hydrogen dissolved 
in palladium, in solvents such as ketones, acetic 
anhydride and acetic acid-acetic anhydride mixture. 

Chemicals 
EXPERIMENTAL 

All chemicals used were of analytical reagent grade 
(Merck and Fluka). Acetone, methyl ethyl ketone, methyl 
isobutyl ketone and cyclohexanone were purified as de- 
scribed by Kreshkov et al.’ Before use, the acetic acid and 
acetic anhydride were redistilled and the fractions boiling at 
116“ and 138”, respectively, were collected; a I:6 v/v mixture 
was used. 

Sodium acetate solution was prepared by weighing 
sodium carbonate (obtained by heating sodium hydrogen 
carbonate at 270”) in a weighed standard flask, dissolving it 
in a little glacial acetic acid and diluting to the mark with 
acetic acid-acetic anhydride mixture. 

Potassium hydrogen phthalate solution was prepared by 
weighing the base (previously dried at 105”) directly in a 
standard flask and dissolving and diluting to the mark with 
acetic acid-acetic anhydride mixture. 

Before use, liquid organic bases were dried over fused 
potassium hydroxide and then distilled under reduced pres- 
sure. Their purity was checked by titration with protons 
generated by oxidation of hydroquinone.8 

The supporting electrolyte was 0.25M sodium perchlorate 
in acetic anhydride, acetic acid-acetic anhydride mixture, 
anhydrous acetone, methyl ethyl ketone or methyl isobutyl 
ketone, or 0.4M sodium perchlorate in cvclohexanone. 

The titration end-point was detected by means of a 
0.1% solution of Malachite Green in acetic anhydride or 
in acetic acid-acetic anhydride mixture, or by means of 

a 0.1% solution of Methyl Red in ketones, or potentio- 
metrically. 

The titrations were done with 0.8-1.0 ml (visual end-point 
detection) or 2.0-3.0 ml (potentiometric end-point detec- 
tion) samples of base solution, delivered from a micro- 
burette having a Teflon tap. 

Apparatus 

The apparatus used for coulometric titration with visual 
end-point detection is schematically shown in Fig. 1. The 
anode and cathode compartments of the electrolytic cell 
were separated by means of a porosity-4 sintered glass disk. 
The cathode was a platinum spiral with an area of 25 mm2, 
and the anode a palladium plate (I x 2 x 0.5 cm). Before use 
the palladium plate was saturated with hydrogen, by making 
it the cathode in dilute sulphuric acid which was electrolysed 
until hydrogen was evolved at the palladium. 

The volume of the anolytc was 2-3 ml and that of the 
catholyte 3-5 ml. During the electrolysis the solution was 
vigorously stirred with a magnetic stirrer. 

The current source was a voltage-current stabilizer 
(VinEa, Belgrade); the current in the generator circuit was 
measured with a precise milliammeter (Iskra, Kranj). 

The apparatus for coulometric titrations with potentio- 
metric end-point detection is shown in Fig. 2. T’he anode 
and cathode compartments were separated by means of a 
porosity-4 sintered glass disk. The volume of the catholyte 
was about 7 ml and that of the anolyte about 20 ml. The 
cathode was a platinum spiral and the anode a palladium 
plate (1 x 2 x 0.5 cm) saturated with gaseous hydrogen. The 
indicator electrode was an Hz/W electrode9,and the refer- 
ence electrode was a mercury(I) acetate electrode when 
acetic anhydride and acetic acid-acetic anhydride mixture 
were used as media, but a modified calomel electrode was 
used in acetone, methyl ethyl ketone, methyl isobutyl ketone 
and cyclohexanone. Potential changes were monitored with 
a Radiometer pHM-26 pa-meter. 

Procedures 

Visual end-point detection. The supporting electrolyte 
(sodium perchlorate in the relevant solvent) is poured into 
the electrode compartments to the same level; the platinum 
spiral connected to the negative pole of the current source 
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Fig. I. Schematic diagram of the apparatus for coulometric 
titration of bases with visual end-point detection: 1, 
voltage-current stabilizer; 2, electrolytic cell; 3, Pt cathode; 

4, H,/Pd anode. 

is immersed in the catholyte, and the palladium plate 
saturated with hydrogen and connected to the positive pole 
of the current source is placed in the anolyte. A drop of 
indicator solution is added to the anolyte, the current is 
switched on, and the supporting electrolyte is titrated with 
protons generated by oxidation of the hydrogen dissolved in 
palladium, until the indicator changes colour. A known 
amount of the base to be investigated is then added to the 

/ \ 

Fig. 2. Schematic diagram of the apparatus for coulometric 
titration of bases with potentiometric end-point detection: 
1, voltage-current stabilizer; 2, pH meter; 3, mercury(I) 
acetate electrode; 4, HJPd anode; 5, Pt cathode; 6, H,/Pd ._. . . . 

R. P. MIHAJLCWIC et al. 

anolyte and after simultaneous switching on of the current 
and the chronometer, the electrolysis is continued until the 
same colour change is observed. Another sample of base is 
then added and titrated in the same way. Several samples 
can thus be determined in the same portion of supporting 
electrolyte. 

Potentiometric end-point detection. The supporting elec- 
trolyte is added to both compartments of the electrolytic 
VeSSel to the same level and the platinum spiral is immersed 
in the catholyte and the palladium plate in the anolyte, and 
both are connected to the current source. An H,/Pd elec- 
trode as indicator electrode9 and a modified calomel elec- 
trode or a mercury(I) acetate electrode as the reference are 
immersed in the anolyte and connected to the pH-meter. 
When the current is switched on, H+ ions are generated in 
the solution. The generation is performed discontinuously, 
and after each generation interval the potential is measured. 
In the vicinity of the end-point the H+ ions are generated 
in small increments. The end-point is located by the first or 
second derivative method, and the amount of base is 
calculated from the quantity of current consumed. Another 
sample of base is then added to the anolyte and titrated in 
the same way. Three or four samples can be titrated in the 
same portion of supporting electrolyte. 

RESULTS AND DISCUSSION 

Numerous papers have been published on the 
coulometric estimation of strong and weak acids in 
aqueous and non-aqueous solvents, but only a few 
papers have dealt with direct coulometric determina- 
tion of bases, and relate only to coulometric titrations 
of sodium hydroxide and sodium carbonate.‘W’2 

Marinenko13 has proved that direct coulometric 
titration of bases with H+ ions generated by oxida- 
tion of water at a platinum anode is not feasible, since 
the bases are also oxidized, which results in a negative 
error of several per cent. 

To avoid the oxidation of bases at the platinum 
anode Hoyle et ~1.‘~ generated the H+ ions separately 
from the test solution (“externally generated 
titrant”), but the results obtained in the titration of 
4-aminopyridine were still low by 26%. These 

3 

5’ 

2 

1 

0 1 2 3 4 

V/Hg2 (CH3C00)2 

Fig. 3. Change of the anodic potential (us. mercurous acetate 
reference) with current density in 0.25M solution of sodium 
perchlorate in acetic acid-acetic anhydride (1:6) mixture: 
1, H, in palladium; 2, triethanolamine; 3, pyridine; 

indicator electrode; 7, electrolyttc cell. 4. sodium acetate: 5. Malachite Green: 6. solvent. 
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authors considered that this may be due to the 
formation of peroxydisulphate anions (S,O:-, when 
sodium sulphate is used as the background electro- 
lyte) or “peroxydiperchlorate”, (Cl,08, when sodium 
perchlorate is used) at the anode, in the course of the 
electrolysis.” 

To avoid both the oxidation of titrated bases and 
the formation of peroxydiperchlorate or peroxydisul- 
phate anions, these authors used sodium hydrazine 
sulphate as the depolarizer in the generation of H+ 
from water,” and later used this technique in the 
most accurate electrochemical determination of the 
Faraday constant yet reported.15 

The application of hydrazine sulphate is limited to 

aqueous solutions, but as we have shown earlier, H+ 
ions can be generated coulometrically in non-aqueous 
media by the oxidation of various organic com- 
pounds and mercury.lGL9 

We have now established a procedure for direct 
coulometric determination of weak organic bases 
with H+ ions generated by the oxidation of hydrogen 
dissolved in palladium. 

By recording current-potential curves for solvents, 
indicators, bases and hydrogen dissolved in pallad- 
ium, with acetone, methyl ethyl ketone, methyl 
isobutyl ketone, cyclohexanone, acetic anhydride, 
and acetic acid-acetic anhydride mixture as solvents, 
we came to the conclusion (e.g., Fig. 3) that in these 

Table 1. Coulometric titration of 0.7-22 mg of bases with H+ ions generated by the oxidation of hydrogen dissolved in 
palladium, with visual end-point detection 

Solvent Base 

Current 
Current, No. of efficiency, 

mA determinations % 

Acetone Ethylenediamine 
Acetone n-Dibutylamine 
Acetone Isobutylamine 
Acetone Pyridine 
Acetone Piperidine 
Acetone Butylamine 
Acetone terr-Butylamine 
Methyl ethyl ketone Piperidine 
Methyl ethyl ketone Butylamine 
Methyl ethyl ketone n-Dibutylamine 
Methyl ethyl ketone tert-Butylamine 
Methyl isobutyl ketone Butylamine 
Methyl isobutyl ketone Piperidine 
Cyclohexanone Piperidine 
Cyclohexanone Triethylamine 
Acetic anhydride Triethylamine 
Acetic anhydride Triethylamine 
Acetic acid-acetic anhydride( 1:6) Triethanolamine 
Acetic acid-acetic anhydride(l:6) y -Picoline 
Acetic acid-acetic anhydride(l:6) Sodium acetate 
Acetic acid-acetic anhydride( 1: 6) 
Acetic acid-acetic anhidride(l:6) 

Triethylamine 
Potas&um hydrogen phthalate 

10 6 100.0 * 0.5 
10 6 
10 6 
10 
IO 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
8 

10 
10 
10 
10 

8 
7 
6 

99.9 f 0.3 
100.0 f 0.2 
100.0 + 0.4 
100.0 * 0.4 
100.0 + 0.4 
99.9 f 0.3 

100.0 k 0.6 
100.0 + 0.3 
100.0 + 0.4 
100.0 f 0.3 
100.0 + 0.7 
100.0 k 0.6 
100.0 f 0.4 
100.0 * 0.5 
99.9 f 0.3 

100.0 + 0.3 
100.0 f 0.4 
99.9 + 0.2 

100.0 + 0.3 
100.0 + 0.5 

10 6 100.0 * 0.3 

Table 2. Coulometric titration of 0.7-22 mg of bases with H+ ions generated by the oxidation of hydrogen dissolved in 
palladium, with potentiometric end-point detection 

Current 
Current, No. of efficiency, 

Solvent Base mA determinations % 

Acetone n-Dibutylamine 
Acetone Piperidine 
Acetone Quinoline 
Acetone Aniline 
Methyl ethyl ketone n-Dibutylamine 
Methyl ethyl ketone Pyridine 
Methyl isobutyl ketone Piperidine 
Methyl isobutyl ketone n-Butylamine 
Cyclohexanone Piperidine 
Cyclohexanone Triethylamine 
Acetic anhydride 8-Hydroxyquinoline 
Acetic anhydride Pyridine 
Acetic anhydride Triethylamine 
Acetic anhydride Quinoline 
Acetic acid-acetic anhydride(l:6) Sodium acetate 
Acetic acid-acetic anhydride( 1:6) a,a’-Bipyridyl 
Acetic acid-acetic anhydride(l:6) 2,4,6Xollidine 
Acetic acid-acetic anhydride(l:6) Pyridine 
Acetic acid-acetic anhydride( 1: 6) Triethylamine 

15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
9 

; 
9 

15 
9 
9 
9 
9 

100.0 * 0. I 
100.1 f 0.4 
100.2 * 0.3 
100.0 f 0.1 
100.0 + 0.1 
100.0 * 0.2 
100.0 f 0.5 
100.0 f 0.5 
100.0 + 0.4 
100.0 f 0.5 
99.9 f 0.2 
99.9 f 0.1 
99.9*0.1 
99.9 + 0.2 

100.1 + 0.2 
99.9 + 0.5 
99.9 f 0.4 
99.9 f 0.4 
99.9 f 0.3 
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solvents hydrogen dissolved in palladium is oxidized 
at much more negative potentials than the bases, 
indicators and solvents are. When the current is 
switched on, the hydrogen is oxidized to i-I* ions and 
until the pahadium contains no more absorbed hy- 
drogen, no other component presenr in the soWion 
will be oxidized, At a current of 10 mA, a palfadium 
plate with a volume of 1 cm3, saturated with hydro- 
gen, can generate H+ ions for mare than 100 hr. 

By titrating organic and inorganic bases with H+ 
ions generated as described we have established that 
the anodic oxidation of hydrogen dissolved in paha- 
dium proceeds with 100% current efficiency (Tables 
1 and 2). 

By applying an H,/Pd electrode as the generator, 
we have eliminated the possibility of peroxy- 

diperchlorate formation and prevented the oxidation 
of titrated bases at the anode; in addition, we have 
avoided the use of perchloric acid as the titrating 
agent as well as the application of the depolarizer. 
Oxidation of hydrogen dissolved in palladium gener- 
ates “dry” H+ ions. When the palladium plate be- 
wanes empty of hydrogen, it can again be saturated 
with hydrogen liberated during the e&&rofysis of 
dilute sufphuric acid, and used again in the same or 
some other solvent. 
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Summary-Fourth-derivative absorption spectra were used to determine trace amounts of manganese in 
nickel salts. Optimum conditions for the oxidation of microgram amounts of Mn(II) to MnO; in the 
presence of large amounts of nickel were established. Fourth-derivative spectra provided good sensitivity 
and selectivity for this determination. Attention has been paid to the effect of instrumental parameters 
on the results obtained. Limitations of the peak-to-trough and zero-crossing rn~s~~ent techniques have 
been examined. Manganese (1 x hF3-2 x IO-r%) in nickel salts (nitrate, sulphate and chloride) and in 
nickel powder was determined with good precision and accuracy. 

The spectrophotometric method for the determi- 
nation of manganese as permanganate has a 
low sensitivity (molar absorptivity 2.5 x lo3 
l.mole-’ .cm-r at 524 nm) but is rather selective. 
Only coloured ions that absorb at this wavelength 
interfere.‘.* 

Derivative spectrophotometry has recently been 
shown to be more versatile than classical spectro- 
photometry for solving analytical problems. It leads 
not only to an increase in selectivity but also, in many 
cases, to an increase in sensitivity.3-9 The scale of this 
increase depends on the shape of the normal absorp- 
tion spectra of the analyte and the interfering sub- 
stances as well as on instrumental parameters and the 
measurement technique (e.g., peak-to-trough or zero- 
crossing) chosen by the analyst in a given analytical 
procedure. io-17 

Our previous work in the field of derivative 
spectrophotometry used fifth-order derivative spectra 
for simultaneous determination of Pd and Pt as 
dithizonatesiB We have also used second-order 
derivative spectra for the dete~nation of trace 
amounts of Pt in the presence of Pd.19 

This study is devoted to the direct determination of 
trace amounts (10-3-10-5%) of manganese in nickel 
salts and nickel powder, based on the use of fourth- 
order derivative absorption spectra (after oxidation 
to ~~~ganate). The presence of sharp peaks in the 
absorption spectrum of the ~~anganate ion indi- 
cated that an increase in sensitivity and selectivity 
might be possible with derivative spectrophotometry. 

EXPERIMENTAL 

Reagenrs 
Ammonium persulpirate. 
Manganese standard solution (I mglmi). Dissolve 2.873 g 

of anhydrous manganese(H) sulphate in water containing 
1 ml of concentrated sulphuric acid and dilute to volume 
with water in a I-litre standard flask. (Obtain the anhydrous 

salt by drying the hydrate at 150” and then igniting it at 
about 400”.) 

Apparatus 
A Specord M40 spectrophotometer with S-cm cells 

was used. DiLjtized derivative spectra were obtained with 
a data-handling computer cassette (Carl Zeiss, Jena) 
connected to the spectrophotometer. 

Procedure 
Transfer the test sohttion, containing not mom than 1.5 pg 

of Mn and 0.4 g of Ni (5 pg and 0.6 g, respectively, in the 
case of the zero-crossing techniques) to a IO-ml standard 
flask, add 0.2 ml of sulphuric acid (I + I), 1 drop of O.IM 
silver nitrate and 0.02-0.05 g of ammonium persulphate, 
and dilute with water to 8 ml. Heat the solution for IO min 
at about 50”, cool, add a further amount of ammonium 
persulphate (< 0.02 g), diiute with water to the mark and 
heat for 5 min at 50”. 

Record the fou~h-de~vative absorption spectrum of the 
cooled solution. Measure the vertical distance between 
the minimum at 19480 cm-’ (513 nm) and the maximum 
at 19100 cm-’ (523 nm) for the peak-to-trough technique 
(see Fig. 4) or the absolute sum of the derivative valuesat 
19160 cm-’ (522 nm) and at 19480 cm-’ (513 nm) for the 
zero-crossing measurement technique (see Fig. 6). Calculate 
the manganese ~~nt~tion by using the appropriate 
regression equation. 

For the peak-to-trough technique the instrument settings 
were: wavenumber range 215OOA7480 cm-t (465-572 nm); 
INT = 3; SPEED = I; EXP x = 2. For the zero-crossing 
technique the instrument settings were: wavenumber range 
20330-18240 cm-’ (492-548 nm); INT = 3; SPEED = 5; 
EXP x = 10. 

To obtain the fou~h~e~vative spectrum in the peak-to- 
trough technique, smooth the normal spectrum, obtain the 
second derivative, amplify it ( x 10) and derive the fourth- 
derivative spectrum. In the zero-crossing technique obtain 
the second derivative, amplify it ( x 40) and convert it into 
the fourth-derivative spectrum. 

RESULTS AND DISCXJSSION 

Oxidation of Mn(II) to MnO; 

Manganese(I1) can be oxidized to permanganate in 
acidic solution only by powerful oxidants (usually 
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21 20 19 18 17 

Wavenumber x 1000 cm-’ 

Fig. 1. Absorption spectra of MnOc and N?+ ions in 0.2M 
H,SO.,: 1,Z.S &ml Mn; 2,O.S pg/ml Mn; 3,25 mg/ml Ni; 

4, 5 mg/ml Ni. 

potassium periodate or ammonium persulphate). 
When persulphate is used, the presence of small 
amounts of silver ions as catalyst is necessary. The 
oxidation of small amounts of Mn(I1) with per- 
sulphate is faster than with periodate, so the former 
was used in this work. 

For the oxidation of microgram amounts of Mn(I1) 
the optimum acidity is 0.1-0.3M nitric or sulphuric 
acid. An increase in the acid concentration decreases 
the rate of oxidation of Mn(II) and causes fast 
decomposition of the persulphate (through its oxi- 
dation of water). 

The amount of persulphate added is not strictly 
limited; the use of 0.02-0.1 g for 10 ml of solution 
does not affect the results. A two-step oxidation is 
more reliable, especially in the presence of some 
reducing agents (e.g., chloride) or large amounts of 
nickel. If the concentration of chloride is less than 
1 x 10e4M and/or the concentration of nickel is 
~30-50 mg/ml, then it is necessary to heat with the 
first portion of the oxidant for 10 min. Larger 
~0~~ of chloride and nickel prevent quantitative 
oxidation of small amounts of Mn(I1). The silver 
concentration, over a wide range, does not influence 
the results. 

Heating at about 50” for 5 min was found to give 
good results, but heating on a boiling water-bath 
caused a signifi~nt decrease in precision. 

sorption spectrum of nickel(I1) has two maxima 
(not shown in Fig. 1) at 390 nm (Q = 2.8 
l.mole-r.cm-*)and715nm(c = 1.2l.mole-‘.cm-‘) 
and a minima near the maxima for permanganate. 

Manganese can be determined in the presence of 
nickel by means of the ~~ang~te absorbance, 
provided the weight ratio Ni:Mn does not exceed 
2000. Comparison of curves 2 and 3 in Fig. 1 shows 
that the determination is impossible at greater 
Ni : Mn ratios. 

Figure 2 shows the third-, fourth- and fifth- 
derivative spectra of the reagent blank {curve l), 
permanganate (1 pg/ml Mn, curve 2) and nickel(H) 
(curve 3) measured against water, for an Ni: Mn 
weight ratio of 5 x 104. The first- and second- 
derivative spectra make impossible determination of 
manganese in the presence of larger excesses of nickel. 

The ma~itude of the ~~an~nate signal in- 
creases with the order of the derivative spectrum. The 
ratio of the signals in the third-, fourth- and fifth- 
derivative spectra is 1: 1.6: 2.6. For the nickel signal 
the increase is smaller (1: 1.1: 2.1) and for the reagent 
blank it is 1:2:5. 

The dete~nation of trace amounts of manganese 
in the presence of a large excess of nickel was based 
on the fourth-derivative spectra. The ratios of 

Derivative spectra of MnO; and Ni(II) 

The normal absorption spectra of permanganate 
and nickel(I1) in the range 22000-16500 cm-’ 
(455-606 nm) are shown in Fig. 1. The absorption 
maxima of ~~anganate at 19100 cm-’ (524 nm) 
and 18400 cm-r (543 nm) are separated by a 
minimum at 18740 cm-r (534 nm). The corre- 
sponding molar absorptivities are 2.5 x 103, 2.4 x lo3 

ith order 

4th order 

I I I I Ii 
3rd order 

I 1 I I I, / 
21 20 19 18 17 

Wavenumber x 1000 cm-’ 

Fig. 2. Derivative absorption spectra of MnOi and 
Ni*+ ions: 1, reagent blank; 2, 1 rg/ml Mn; 3, 50 mg/ml 
Ni. Recording parameters: INT = 3, SPEED = 2, __ . -__- _. _ 

and 2.1 x lo3 l.mole-l.cm-L, respectively. The ab- Av=6Ocm-‘,EXPX=2. 
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Fig. 3. Influence of recording parameters and differentiation method on the shape of the fourth-derivative 
spectra: 1, reagent blank; 2, 0.5 pg/ml Mn; 3, 25 mg/ml Ni. Amplification factor = 5. Recording 
parameters: EXP X = 2; (a) INT =2, SPEED= 2, Av =40 cm-‘; (b, d) INT = 3, SPEED = 2, 
Av = 60 cm-‘; (c) INT = 2, SPEED = 5, Av = 100 cm-‘. Differentiation method: (a, b, c) succeeding 

1 st + 2nd + 3rd + 4th derivative; (d) smoothing the zero-order spectrum then + 2nd + 4th. 

the fourth-derivative signals, MnOi : N?+ and 
MnO; : blank are 2.4 and 28 respectively (Fig. 2). 
Corresponding values for the third-derivative spec- 
trum are 1.7 and 34 and for the fifth-derivative 
spectrum 2.0 and 18 respectively. 

Figure 3 shows the influence of some instrumental 
parameters such as integration time (INT), scan 
speed (SPEED), digitization interval (Av), and the 
method of obtaining derivative spectra, on the shape 
of the fourth-derivative spectra of the blank (l), 
permanganate (2) and nickel(I1) (3). 

As Av increases, the vertical peak separations 
(denoted by ‘D,,)” in the fourth-derivative spectrum 
of permanganate considerably decrease (in arbitrary 
units they are 118, 68 and 11 for Av = 40, 60 and 
100 cm-‘, respectively). Unfortunately, the high noise 
level for Av = 40 cm-’ (Fig. 3a) is similar to the 

value of the fourth-derivative of the Ni2+ spectrum 
(denoted by 4D,i). An optimum digitization interval 
of 60 cm-’ was chosen. 

The fourth-derivative spectra shown in Fig. 3b 
were obtained by a four-step successive differen- 
tiation. The fourth-derivative spectra in Fig. 3d were 
obtained by smoothing each normal spectrum, ob- 
taining the second-derivative, and then the fourth- 
derivative directly. This procedure reduces the 
value of 4Duln by nearly a half but significantly 
reduces both the noise level and 4DN, (in the range 
19500-19000 cm-‘), leading to ‘Dlrln:*DN, = 
10: l.When successive differentiation is applied this 
ratio is only 3: 1 (Fig. 3b). 

The conditions chosen for obtaining the fourth- 
derivative spectra (Fig. 3d) are given in the 
procedure. 
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18 

Wavenumber x 1000 cm-’ 

Fig. 4. Foo~b~e~vative spectra of MnO; ion used for the 
calibration graph in the peak-to-trough tahnique: 1, 
reagent blank; 2-8, 0.125, 0.25, 0.50, 0.75, 1.0, 1.25 and 

f .50 ag/ml Mn, respectiveiy; 9, 50 mg/ml Ni. 

We would like to emphasize the importance of 
optimizing the instrument parameters to achieve a 
~nsitivity and seIectivity approp~ate to derivative 
s~trophotomet~~ methods. 

Calibration graph and precision of the method 

The fourth-derivative spectra for increasing con- 
centrations of manganese, as MnC& (0.1-1.5 j& 
ml Mn), are shown in Fig. 4. The shape of the 
fob-de~va~ve Ni*+ spectrum is shown as curve 9, 

In the range ~95~19~ cm-’ (Sf3-526 nm), the 
‘DNi amplitude is small and ‘DMn has a trough at 
19480 cm-’ (I) and peak at 19100 cm-’ (II), with 
am~~tudes smalIer than those in the range 
187~lg3~ cm-’ (but ‘D~i is large in this range]. 
Therefore, only the range 1948~191~ cm-’ is suit- 
able for use of peak-to-trough measurement. The 
concentration of Mn is proportional to the sum of the 
amplitudes of I and II (e.g., A in Fig. 4 corresponds 
to 1 &ml Mn). 

i . , , . 1 

19 18 

Wavenum~~ x 1000 cm-f 

Fig. 5. Shape of the fourth-derivative spectrum of Mn0; 
ion in the presence of increasing amounts of nickel: 1, 
0.2 pgfml Mn; 2,0.2 #g/ml Mn + 30 rug/ml Ni; 3,0.2 &ml 
Mn + SO mgjml Nk 4, 0.2 &ml Mn f 100 mg/ml Ni; 5, 

80 mg/mt Ni. Amplifi~tion factor = 20. 

On the basis of seven sets of peak-to-trough 
rn~~~rnents~ the calculated regression equation” 
was Y, = 127X + 1.1; r = 0.99992 (?z = g), where Yi is 
the value of the fo~h~e~vative signal (mm}, X is 
the Mn concentration @g/ml), r is the correlation 
coefficient, and n is the number of points. The relative 
standard deviation (RSD) for 7 determinations was 
6.5, 2.3 and 1.4% for 0.125, O.SO and 1.25 pg/ml Mn 
respectively. 

The influe~~ of nickel on the dete~ination of 
2 jig of manganese is shown in Fig. 5. Very large 
amounts of nickel cause a shift in the amplitudes and 
positions of the peaks and troughs in the derivative 
spectrum of permanganate. Thus, at Ni: Mn weight 
ratios up to 2.5 x 10’ an insi~i~~t shift of trough 
II (from 19100 to 19120 cm-“) takes place, but at a 
Ni : Mn weight ratio of 5 x 10s there is a more distinct 
shift of both I and II (from 19480 to 19460 and from 
19100 to 19140 cm-‘), and the value of ‘Dluln increases 
by about 25%. Hence, the peak-to-trough technique 
should only be applied when the ratio of Ni to Mn 
does not exceed about 2.5 x le. 

At the waven~~~ where ‘hi crosses the zero 
line, the values of 4DM are the same irrespective of the 
amount of nickel present and when the zero-crossing 
measurement technique is used the nickel present 
does not affect the result for manganese. The instru- 
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Table 1. Determination of Mn traces in nickel preparations (7 determinations, 
probability level 0.95) 

Sample, 
J? 

Mn, peg 

Added Found 
RSD, Mn content, % 

% (recovery, %) 

Nickel sulphate 
1.0 
1.6 
1.0 
1.6 

Nickel nitrate 
1.0 
2.0 
1.0 
2.0 

Nickel chloride 
0.2 
0.4 
0.2 
0.4 

Nickel powder 
0.1 
0.2 
0.1 
0.2 

Nickel sulphate 
1.0 
1.6 
1.0 
1.6 

Nickel nitrate 
1.0 
2.0 
1.0 
2.0 

Nickel powder 
0.1 
0.2 
0.1 
0.2 

Peak -to -trough measurement technique 

0.12 6.9 
1.16 4.7 (7.2 f 0.4) x lo-$ 

0.80 1.51 4.5 
1.20 2.27 3.6 (93) 

0.40 9.3 
0.74 7.4 (3.9 f 0.3) x 10-S 

0.25 0.61 9.1 
0.50 1.04 5.3 (72) 

1.70 4.1 
3.29 2.9 (8.4 f 0.3) x lo-’ 

1.50 3.13 2.8 
3.00 6.18 2.1 (96) 

1.19 3.9 
2.28 2.3 (1.20 + 0.03) x 10-j 

1.00 2.18 1.8 
2.00 4.15 1.9 (95) 

Zero-crossing measurement technique 

0.71 6.4 
1.11 3.6 (7.0 * 0.3) x 10-5 

0.80 1.52 3.0 
1.20 2.32 2.7 (100) 

0.29 8.4 
0.54 5.3 (2.7 f 0.2) x 1O-5 

0.25 0.56 6.8 
0.50 1.00 4.3 (95) 

1.20 3.1 
2.35 2.2 (1.20 f 0.03) x 10-r 

1.00 2.16 2.6 
2.00 4.30 1.0 (97) 

mental parameters for this technique and the manner 
of obtaining the fourth-derivative spectrum, which 
increase the sensitivity of the manganese determi- 
nation, are given in the procedure. Smaller samples 
can therefore be taken for analysis. This is important 
because it is difficult to oxidize Mn(I1) to Mn(VII) in 
the presence of high nickel concentrations. 

Figure 6 shows the fourth-derivative spectra of 
solutions containing 25-500 ng/ml manganese. The 
expansion of the wavenumber scale improves the 
precision of measurement of 4DMLn at 19160 cm-‘, 
where the ‘D,i signal is zero irrespective of the nickel 
concentration (curves 8 and 9 in Fig. 6); 4DN, reaches 
zero at 19500 cm-‘. The distance B in Fig. 6 corre- 
sponds to 0.3pg/ml Mn. 

The regression equation obtained by the zero- 
crossing measurement technique was YZ = 332X + 
0.2; r = 0.99995 (a = 8), where Y2 is the value of ‘DMn 
(mm), and X is the Mn concentration @g/ml>. The 
RSD (7 determinations) was 8.8, 1.8 and 1.2% for 
0.025, 0.1 and 0.4 pg/ml Mn, respectively. 

Determination of iUn traces in nickel salts 

The proposed method was applied to determi- 
nation of trace amounts of manganese in nickel salts 
(sulphate, nitrate and chloride) and nickel powder. 
The nitrate or sulphate (50 g) was dissolved in water 
plus 10 ml of sulphuric acid (1 + 1) and the solution 
was diluted to volume in a lOO-ml standard flask with 
water, and an aliquot was analysed. For the chloride, 
a 20-g sample was dissolved as above, and the 
solution was evaporated until white fumes were 
evolved. The residue was cooled, then taken up in 
water, and the solution was diluted to a standard 
volume and an aliquot was analysed. A 5-g sample of 
the metal was dissolved in a mixture of 10 ml of 
sulphuric acid (1 + 1) and 5 ml of concentrated nitric 
acid, and the solution was evaporated until white 
fumes were evolved. The cooled residue was taken up 
in water and the solution diluted to standard volume, 
and an aliquot was analysed. 

The results are given in Table 1. For nickel sul- 
phate, nitrate and powder, both the peak-to-trough 
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does not exceed -2.5 x 10’. When this ratio is 
greater, the zero-crossing technique should be used. 
The results obtained with this technique for the nickel 
nitrate sample (where the Ni:Mn ratio is about 
7 x 10s) are wholly satisfactory. 

The method developed is sensitive, precise, and 
gives a good recovery of the added manganese stan- 
dard. The peak-to-trough measurement technique 
can be recommended for Ni: Mn weight ratios up to 
2.5 x 10S, and the zero-crossing technique for much 
larger ratios. 
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Fig. 6. Fourth-derivative spectra of MnO; ion used for the 
calibration graph in the zero-crossing technique: l-7, 0.25, 
0.5, 1.0, 2.0, 3.0,4.0 and 5.0 fig/l0 ml Mn; 8, 50 mg/ml Ni; 

9, 80 mg/ml Ni. 

and zero-crossing techniques were used. The lower 
recovery of manganese added to the nickel nitrate 
indicates the large influence of the Ni:Mn weight 
ratio on the value of the Mn derivative in the 
peak-to-trough technique (Fig. 5). This technique 
gives good results when the weight ratio of Ni : Mn 
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SHORT COMMUNICATIONS 

A NEW INDIRECT SPECTROPHOTOMETRIC PROCEDURE 
FOR DETERMINATION OF SULPHUR DIOXIDE 
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(Received IO September 1987. Revised 25 May 1989. Accepted 17 June 1989) 

Summary-An operationally inexpensive and sensitive spectrophotometric procedure for sulphur dioxide 
is proposed. The reagent 5,5-dimethyl-l,2,3-cyclohexanetrione-1,2-dioxime-3-thiosemicarbazone is used to 
determine trace amounts of sulphur dioxide indirectly by means of the reduction of Fe(III) to Fe(H). The 
method can determine down to 0.032 rg/ml of sulphur dioxide in the final solution and recoveries are 
better than 98%. The method can be applied to the determination of atmospheric SO2 provided that 
interfering gases such as nitrogen dioxide and hydrogen sulphide are eliminated. 

Sulphur dioxide is one of the most harmful air 
pollutants known.’ Several s~ctrophotome~~ 
methods have been reported for its dete~nation 
with thormz3 pararosaniline,4T5 chlorophosphonazo 
III,6 nitrososulphonazo III,’ p-aminobenzene,’ 
p -nitroaniline,9 4-nitro-1 ,Zdiaminobenzene and 4- 
nitro- 1,2-diaminobenzene.” 

Sulphur dioxide has been colorime&ally deter- 
mined after fixation as sulphate”*‘2 or sulphite.13 An 
indirect spectrophotometric procedure for determina- 
tion of SO, based on the ability of sulphur dioxide to 
reduce Fe(II1) to Fe(I1) and use of l,lO-phenanthro- 
line and 2,2’-bipyridy1i4~i5 for complexation of the 
iron(H) has been recommended. This method has 
been modified, with f-methyl-l ,2~yclo~nt~e- 
dionedithiosemicarbazone used as the spectrophoto- 
metric reagent. i6 In the work reported here, 
5,5-dimethyl-l,2,3-cyclohexanetrione-1,2-dioxime-3- 
thiosemicarbazone, DCDT, was used analogously. 
The characteristics and analytical properties of 
DCDT, and its use for s~ctrophoto~t~~ determi- 
nation of Fe(II) have been reported.‘? Solutions of 
DCDT in dimethylfonnamide are reported to be not 
very stable, but this disadvantage can be overcome by 
using freshly prepared solutions. Also, the reagent is 
highly selective, and its absorbance at the wavelength 
for maximal absorption by the Fe(I1) complex is 
negligible, even when it is present in great excess. 
DCDT can be used for spectrophotometric determi- 
nation of sulphur dioxide, with a minimum detectable 
level of 0.032 pg/ml in the final solution with a 
relative standard deviation of 2% for 10 determina- 
tions. 

Apparatus 

EXPERIMENTAL 

A Bausch and Lomb Spectronic 2000 spectrophotometer 
with a constant-temperature cell-holder was used. All spec- 

trophotometric measurements were made at 25 + 1”. A 
Perkin-Elmer 298 infrared spectrophotometer was used. 

Solutions ’ 
DCDT stock solution, O.OIM. Prepared by dissolving 

0.2572 g of the reagent in sufficient dimethvlformamide and 
diluting to 100 ml: Solutions were discarded when 4 days 
old. 

Potassium hydrogen phthalute, O.OJM. Prepared by dis- 
solving 10.1 8 of dried KHC,H,O, in distilled water and 
diluting to 1000 ml. 

FeQII) stock solution, 0.01M. Prepared by dissolving 
4.04 g of Fe(N0,)s.9H,0 in water and diluting to 1000 ml. 
Standardized by titration with EDTA. 

Fe(II)stock solution, O.OlM. Prepared by dissolving 2.78 g 
of FeSO, .7H,O in water and diluting to 1000 ml. Standard- 
ixed by titration with potassium dichromate. 

Subhur dioxide solution, O.GVJM. Prepared by diluting 
_ 1.7 ml of commercial 5% sulphurous acid to 1000 ml. 
Standardized iodimetrically and diluted further as required. 

All solutions were prepared from analytical grade 
reagents and distilled water. 

Procedure 
Add a known volume of sample solution (intoning up 

to 256 pg of SO,) to 1 ml of 1.0 x 10e2M Fe(II1) solution, 
followed by 1 ml of 0.05M potassium hydrogen phthalate 
@H 4.0) and make up to voiume in a l&ml standard flask 
with distilled water. Then apply the procedure” for determi- 
nation of Fe(II): add 1 ml of this Fe(II)/Fe(III) solution to 
1 ml of 5.0 x lo-‘A4 DCDT, followed by 1.5 ml of concen- 
trated hydrochloric acid, and dilute to volume in a lo-ml 
standard flask with distilled water. After 5 min, measure the 
absorbance at 550 mn against a reagent blank similarly 
prepared. Construct a calibration graph with standard SO2 
solutions, treated in the same manner to cover the iron(I1) 
range O-4.5 &ml (O-2.56 rg/ml SO,) in the final solution 
measured. 

To investigate the applicability of the method to determi- 
nation of atmospheric sulphur dioxide, an air sample 
containing 25.6 pg of SO, (generated by decomposition of 
a sulphone, S-thiabicyclo[4.3.0]non-l’-ene dioxide)18 was 
drawn at a flow-rate of 200 ml/mm through 5 ml of 0.002M 
Fe(II1) solution, which was then diluted accurately to 10 ml 
with water. The procedure for determination of Fe(H) 
described above was applied to 1 ml of this solution. 
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Fig. 1. Absorption spectra of (A) 1.25 x 10e4M DCDT in 
DMF, (3) Fe(II)--DCDT complex at pH 0.36 gigand 
5 x 10-4& Fe(H) 5 x 10mSM], and (C> Fe(III)-DCDT 
complex at pH 0.36 pigand 5 x 10e4&f, Fe(II1) 1 x 10-4M]. 

The total amount of SO, found was 25.2 pg (mean of 
10 determinations). Iron(II1) gives almost negligible ab- 
sorbance at 550 mn (Fig. 1). 

RRSULTS AND DISCUSSION 

DCDT can be used for the indirect spectrophoto- 
metric determination of down to 3.2 pg of sulphur 
dioxide in an air sample. Although DCDT solutions 
in dimethylformamide are not very stable in compari- 
son with other reagents,2-‘2 use of fresh solutions 
eliminates this problem and the method is inexpensive 
and does not require an extraction. A further advan- 
tage is that it avoids manipulation with toxic solvents 
such as a&on&rile and dioxan, which were used in 
earlier methods.‘v6 It has a lower detection limit than 
other indirect spectrophotometric methods, and is 
comparable in sensitivity to the reported direct proce- 
dures?-i0 The working range of the method can be 
extended by changing the concentration of Fe(II1) 
solution. Moreover, the method is selective because 
there should be no appreciable interference from 
foreign species other than those which can also 
reduce iron(II1) to iron( 

Stability of the reagent and its complex with Fe(U) REFERENCES 

The absorbance at 320 nm of 2.5 x 10-5M solu- 
tions DCDT in dimethylformamide prepared from a 
O.OlM stock solution did not change over a period of 
4 days. The infrared spectrum of the stock solution 
was also constant over the same period. The violet 
Fe(H)-DCDT complex was found to be formed 
immediately and was stable for at least 12 hr. 

Eficiency of the method 

The mean recovery for 13 aqueous samples con- 
taining from 0.032 to 2.56 pg/ml SO* in the final 
IO-ml solution was better than 98% and amounts as 
low as 0.032 pg may be detected. The method was 
successfully applied to determination of SO1 in air 
with 98.3% recovery and a relative standard devi- 
ation of 2%. 

interferences 

The effect of common pollutant gases such as 
hydrogen sulphide and nitrogen dioxide was investi- 
gated. They were generated by a technique reported 
earlier.ig It was found that at concentrations equal to 
that of SO, they interfere at the Fe(II1) reduction 
stage, resulting in a decrease in absorbance of 8 and 
12% for H,S and NO2 respectively. However, the 
hydrogen sulphide interference can be overcome by 
passing the sample through lead acetate solution?’ 
and nitrogen dioxide can be removed by passage of 
the sample through 1% sulphamic acid solution 
before the Fe(II1) solution.” Ammonia, chlorine and 
carbon dioxide do not interfere with the sulphur 
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dioxide determination. No serious interference from 
most common cations and anions was reported for 
the determination of Fe(I1) with DCDT,” so there 
should be none in the SO, determination either. 
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SPECTROPHOTOMETRIC DETERMINATION OF SOME 
DIBENZAZEPINES WITH PICRYL CHLORIDE 
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Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Assiut University, A&t, Egypt 

(Receioed 30 March 1989. Accepted 1 June 1989) 

!&unrnary-A simple and sensitive spectrophotometric method has been developed for the determination 
of some dibenzaxepines, based on reaction with picryl chloride in chloroform medium and measurement 
at 395 nm. Beer’s law is obeyed in concentration ranges O.l-l.Opg/ml for imipramine hydrochloride, 
trimipramine maleate and opipramol dihydrochloride, 0.16-l .6 pg/ml for desipramine hydrochloride 
and 0.4-2.4 &ml for clomipramine hydrochloride. The method was applied successfully to the deter- 
mination of dibenzarepines in tablets and the results were comparable to those obtained by offtcial 

Dibenzazepines are important as antidepressants. 
Several methods have been reported for their deter- 
mination in bulk and dosage forms. These methods 
include tit~met~,‘~ ~Iaro~phy~ ultraviolet and 
visible s~trophotomet~,‘~~lo fluorimetry,” atomic- 
absorption spectrophotometry,12 thin-layer chro- 
matography,” gas chromatography,14*15 and liquid 
chromatography.i6*” 

The use of picryl chloride as an electron-acceptor 
has previously been reported.‘s*19 In the present study 
it is used for determination of five dibenzazepines in 
bulk and tablet form. The proposed method is simple, 
sensitive and accurate. 

EXPERIMENTAL 

Apparat~ 
A Zeiss PM2DL s~trophotome~r was used. 

Reagents 
All chemicals and solvents used were of analytical grade. 
Picryl chloride solution. Dissolve 500 mg of picryl chloride 

in 100 ml of acetonitrile. Prepare fresh daily. 
Standard dibenzazepine solutions. Dissolve 10 mg of the 

di~~pine salt in about 25 ml of water. Transfer to a 
separating funnel and alkalize the solution with ammonia. 
Extract the free base by shaking with three 2%ml portions 
of chloroform. Pass the organic phases through 5 g of 
anhydrous sodium sulphate suitably supported in a small 
funnel. Dilute the combined extracts to volume in a 250-ml 
standard flask with chloroform. Dilute a S-ml portion 
accurately to 50 ml with chloroform to obtain a 4-&g/ml 
standard solution (calculated as the salt). 

Procedure 
Transfer 1 ml of standard dibenzazepine solution into a 

lo-ml standard flask. Add 1 ml of picryl chloride solution 
and mix well. Make up to volume with chloroform and leave 
for 10 min. Measure the absorbance at 395 nm in l-cm cells 
against a reagent blank prepared concurrently. 

Analysis of tablets 
Weigh and powder 20 tablets. Transfer an accurately 

weighed amount of powder equivalent to 25 mg of the drug 
salt into a SO-ml standard flask. Add 40 ml of water and 
shake the flask well for 10 min, then dilute to volume with 

water. Filter through a dry paper, discarding the first 
portion of filtrate, Pipette 20 ml of filtrate into a separating 
funnel and continue as for preparation of standard dibenx- 
axepine solutions. Apply the procedure above to 1 ml of the 
4-pg/ml sample sotution. 

RESULTS AND DISCUSSION 

Dibenzazepines react with picryl chloride in 
chloroform solution to form intensely yehow m& 
cular complexes. These products exhibit two main 
absorption peaks at 325 and 395 in, which have 
different intensities. Figure 1 shows the absorption 
spectra of the coloured product from imipramine 
hydrochloride as a representative example of the 
dibenzazepines studied. Absorbance measurements 
were made at 395 nm. 

Figure 2 shows that at least 0.4% picryl chlor- 
ide solution must be used for maximum and repro- 
ducible colour intensity of the reaction product 
to be obtained, and a concentration of 0.5% is 
recommended. 

Acetonitrile, chloroform, dichloroethane, dimethyl- 
formamide, dioxan and methylene chloride were 

06- 

a5 - 

Wavelength ( nm 1 
Fig. 1. Absorption spectra of the coloured product of 
picryl chloride with imipramine (4 pg/ml) - and reagent 

blank . . . . . . 
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Fig. 2. Effect of picryl chloride concentration on the 
absorbance of the product from imipramine. HCl(5 pg/ml). 

examined as solvents. Chloroform, dichloroethane 
and methylene chloride are approximately equal in 
usefulness and give maximum stability and intensity 
of colour (Table 1). Chloroform was selected as the 
diluent. The colour develops completely in 5 min at 
30” and remains stable for at least 90 min. 

Calibration graphs were constructed with 10 data 
points which were linear over the concentration 
ranges given in Table 2, which also gives the regres- 
sion and molar absorptivity data. Separate determi- 
nations at different concentration levels of each drug 
gave coefficients of variation not exceeding 2%. 

Commercial tablets containing imipramine hydro- 
chloride and opipramol dihydrochloride as well as 
la~ratory-p~pared tablets of desipramine hydro- 
chloride and clomipramine hydrochloride were suc- 
cessfully analysed by this method. The results were 
compared with those obtained by applying the ofikial 
methods. In the t- and F-tests, there were no signifi- 

Table 1. Effect of different solvents on the 
absorbance of the reaction product of 
imipramine.HCl (0.5 pg/ml) with picryl 

chloride 

Absorbance* 
Solvent at 395 nm 

Aeetonitrile 0.550 
Chloroform 0.710 
Dichloroethane 0.695 
Methylene chloride 0.702 
Dimet~ylfo~~ide 0.210 
Dioxan 0.440 
Isobutyl alcohol 0.050 

*Average of 5 dete~Mtions. 

cant differences between the calculated and theoreti- 
cal values (95% confidence limit) for comparison of 
the proposed and compendia1 methods, indicating 
similar accuracy and precision (Table 3). Recovery 
experiments indicated the absence of interference 
from the commonly encountered pharmaceutical 
additives and excipients such as lactose, glucose, 
starch, gum acacia, magnesium stearate and talc. 
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Table 2. Calibration data for determination of some dibenzazepines with picryl chloride 

Linearity 
range, 6. slope* Correlation* 

Drug lrgW 105f.mole-‘.cm-’ Intercept m&g co&icient 

Imiprarnine . HCl 0.08XJ.8 5.84 -0.084 1.675 0.9970 
Trimipramine maleate 0.08-0.8 6.14 -0.070 1.638 0.9990 
Clomipramine . HCl 0.16-2.4 1.98 0.082 0401 0.9992 
Desipramine . HCl 0.10-1.6 2.89 0.088 0.780 0.9972 
Opipramol , diHC1 0.08-0.8 5.91 0.076 1.474 0.998 1 

*lo replicates. 

Table 3. Determination of some dibenzazepines in commercial and laboratory-prepared tablets by the proposed and official 
methods* 

Proposed method 

Product 

Eufranil tablets 
Desipramine . I-K& 

tablets 

Dibenxazepine 

Imipramine . HCl 

Desipramine . HCl 

Nominal 
content, 

mgltablet 

25 

Found by 
Found Added, Recovery otlkial method, 

% mglta~let % % 

100.1 f 0.9 25 100.7 4: 1.2 101.7 f o.st 

50 99.9 2 0.4 50 100.0 * 0.7 99.4 * 0.9x 
Clomipramine . HCl§ tablets Clomipramine . HCl 50 99.9 f 0.8 50 100.2 * 0.5 - 
Insidon tablets Opipramol . diHC1 50 98.8 f 1.0 50 99.6 f 0.6 - 

*Average f standard deviation of 5 determinations. 
TBP 1980 method. 
#Laboratory-prepared tablets containing starch, glucose, magnesium stearate, gum acacia and talc as excipients. 
$USP 1980 method. 
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ANALYTICAL DATA 

TERNARY COMPLEXES OF ZINC(I1) WITH 
NITRILOTRIACETIC ACID AND SOME SELECTED THIOL 

AMINO-ACIDS AND RELATED MOLECULES 

MOHAMED M. SHOUKRY 
Department of Chemistry, Faculty of Science, University of United Arab Emirates, Al-Ain, 

P.O. Box 15551, United Arab Emirates 

(Receiued 22 Lkcember 1988. Revised 28 March 1989. Accepted 2 June 1989) 

Summary-Solution equilibria of the system zinc(II>-nitrifotriacetic acid (NTAbecondary ligand (I.) 
have been studied. The secondary ligands investigated are thiol amino-acids and related molecules. 
Potentiometric titrations of reaction mixtures containing equimolar Zn*+, NTA and secondary ligand have 
shown the formation of 1: 1: 1 ternary complexes. The formation constants of these complexes have been 
determined at 25” & = O.lA4, KNO,). The mode of chelation is discussed. 

Many studies have been made of the complex form- 
ing properties of pcnicillamine and cysteine, which 
are of outstanding biological and therapeutic impor- 
tance.’ It is becoming clear that zinc(I1) plays a vitai 
role in biological processes. Zinc deficiency can cause 
unusual disorders in the development of the body, 
disorders in the metabolic system and the prostate 
gland, and can result in mental retardation. Hence it 
seemed worthwhile to study the ternary complexes 
of zinc(I1) with nitrilotriacetic acid, which has co- 
ordination sites that resemble those of proteins 
(e.g., concanavalin),z and some thiol amino-acids. 
This work continues our research on amino-acids% 
and peptides,7-9 and traces the formation and charac- 
teristics of the ternary complexes of Zn2+ with 
NTA and penicillamine, cysteine, homocysteine, 
~-a~tyl~ni~llamine, ~-acetylcysteine, 2-mercapto- 
ethylamine, S-methylcysteine, methionine, 2- 
mercaptoacetic acid, 3-mercaptopropanoic acid, and 
serine. 

EXPERIMENTAL 

materials and reagents 
The secondary ligands (L) were penicillamine, cysteine, 

2-mercaptoacetic acid, serine (Aldrich), 2-mercaptoethyl- 
amine hydrochloride, 3-mercaptopropanoic acid, meth- 
ionine (Sigma), homocysteine and S-methylcysteine 
(Nutritional B&hem. Co.). Nitrilotriacetic acid (Aldrich), 
and analytical reagent grade zinc nitrate were used. The zinc 
content of solutions was determined ~mplexomet~~lly.lo 
The thiol content of the stock solutions was determined 
by reaction of the thiol with iodoacetamide, followed by 
titration (with strong base) of the protons displaced 
from the thiol group. ‘I All solutions were prepared in 
demineralized water. 

Procedure and measuring techniques 
The pH-values were measured with a Fisher Model 620 

pH-meter equipped with a Fisher combination electrode. 
The pH-meter and electrode were calibrated with standard 
buffer solutions, prepared according to NBS specifications.‘2 
The titrations were done with a Mettler DVlO autotitrator 
and titration vessel,” at 25”, under a purified nitrogen 
atmosphere. 

The following mixtures (A)-(C) were prepared and 
titrated potcntiometrically with 0.20M sodium hydroxide 
for the equilibrium constant determinations: (A) 0.02N 
secondary ligand (L) (10 ml)+ 0.13&# KNO, (30 ml); (3) 
0.02M Zn2+ (10 ml) + 0.02M NTA (10 ml) + 0.20&f KNO, 
(20 ml); (C) 0.02M Zn2+ (10 ml) +0.02&# NTA (10 
ml) + 0.02M secondary ligand (L) (10 ml) + O.&W KN03 
(10 ml). 

The acid dissociation constants of the secondary ligands 
were determined by titrating mixture (A). The stability 
constants, @j$j$$, of the ternary complexes were deter- 
mined by titrating mixture (C), and utilizing the data 
obtained in the pH range corresponding to complete for- 
mation of the [Z$NTAQ- compiex. The calculations were 
done with the comnuter nroaram MINIOUAD-75” loaded 
on a Tektronix 4025 IBM co;kputer. The model selected was 
that which gave the best statistical fit and seemed chemically 
sensible and consistent with the titration data, without 
giving any systematic drifts in the magnitudes of residuals, 
as described elsewhere.” The results obtained are given in 
Table 1. 

RESULTS AND DISCUSSION 

The acid dissociation constants of the secondary 
ligands have been reported.” We redetermined these 
constants under the experimental conditions (25”; 
p = 0.1&f, KNOz) used in this work for determining 
the stability constants of the ternary complexes. 

A representative set of pH titration curves for the 
system Zn2+-NTA-penicillamine is shown in Fig. 1. 
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Table 1. Equilibrium and stability constants* of the secondary ligands and their complexes 

System log Kf’ log K2” log K&t log K~%%w log K%%L~~H~ 
Penicillamine 10.41 (0.03) 7.86 (0.02) 9.42 7.28 (0.02) 13.79 (0.04) 
Cysteine 10.15 (0.03) 8.16 (0.02) 9.15 6.51 (0.04) 14.02 (0.04) 
Homocysteine 10.35 (0.02) 8.83 (0.02) 4.91 (0.07) 13.83 (0.05) 
Mercaptoethylamine 10.61 (0.02) 8.22 (0.02) 5.56 (0.05) 13.99 (0.04) 
N-Acetylpenicillamine 10.06 (0.02) 3.38 (0.03) 4.30 (0.02) 
N-Acetylcysteine 9.61 (0.03) 3.24 (0.02) 3.39 (0.07) 
Mercaptoacetic acid 9.99 (0.01) 3.35 (0.01) 8.36 4.95 (0.03) 
Mercaptopropanoic acid 10.11 (0.03) 4.26 (0.01) 6.32 4.05 (0.02) 
Methionine 9.09 (0.04) 4.37 2.94 (0.10) 
S-Methylcysteine 8.67 (0.03) 4.46 2.84 (0.05) 
Serine 9.15 (0.02) 4.65 2.99 (0.03) 

*Standard deviations are given in parentheses. 
tFrom Perrin” 

l*r 

2- 
I I I I I I 

0 1 2 3 4 6 6 

Moles of base added per mole of llgand 

Fig. 1. Potentiometric titration curves for the Zn*+- 
NTA-PSH system, A-PSH; B-Zn*+ : NTA; C- 

Zn*+ : NTA : PSH and D-calculated curve. 

The curve for titration of a 1: 1 mixture of Zn2+ 
and NTA has sharp inflection at a = 3 (where a = 
number of moles of base added per mole of ligand), 
that corresponds to formation of [Zn(NTA)]-. That 
a ternary complex is formed can be seen on compari- 
son of the mixed-ligand titration curve (c) with the 
calculated curve (D) obtained by graphical addition 
of the secondary ligand (L) titration curve to 
the 1: 1 Zn2+-NTA titration curve. The clear differ- 
ence between these indicates the formation of a stable 
ternary complex species. In the case of penicillamine, 
cysteine, homocysteine and mercaptoethylamine hy- 
drochloride, the deviation from the composite curve 
is in the region from a = 3 to a = 5, indicating the 
formation of the [Zn(NTA)(HL)J2- complex species 
and its dissociation to the [Zn(NTA)(L)13- species. 
The corresponding stability constants are given in 
Table 1. With mercaptoacetic acid and mercapto- 
propanoic acid, N-acetylpenicillamine and N-acetyl- 
cysteine, the deviation is in the region from a = 4 
to a = 5, revealing the neutralization of the car- 

boxylic group proton while the [Zn(NTA)]- complex 
is formed. The mixed-ligand titration curves of 
methionine, S-methylcysteine and serine show the 
deviation in the region from a = 3 to a = 4 indicating 
the release of one hydrogen ion in the ternary com- 
plex formation. 

In the case of the ternary complex of serine, 
the potentiometric data could be fitted by assuming 
that serine is bound in glycine-like mode and that 
the hydroxyl group is not ionized. This is in 
agreement with our previous investigation of the 
Cu* +-diethylenetriamine-serine ternary complex. I6 

It is considered that the thioether group is not 
involved in the co-ordination of S-methylcysteine 
and methionine, since the stability constants of 
the ternary complexes are lower than those of 
mercaptoethylamine (S, N donor set) and mercapto- 
propanoic acid (S, 0 donor set) and near to that of 
serine (N, 0 donor set). This indicates that S-methyl- 
cysteine and methionine co-ordinate in glycine-like 
mode. 

The acid dissociation constants of the protonated 
ternary complexes of penicillamine and cysteine are 
given by 

10 

c /+ 

6- 
Y +.+* 

;r+’ .+ic +*+ 
pH 6- 

4 
,*s” 

+A” 
+’ 

+,+, 

7- 
+f 

+’ 
I 

I / 
I I I 

3.5 4.0 4.5 

Moles of base added per mole of Wwd 

Fig. 2. Potentiometric titration curve for the Zn*+- 
NTA-homocysteine system. The solid line through the 

experimental points is the theoretical curve. 
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constants of homocysteine and the formation con- 
stants of the corresponding ternary complex is also 
shown (cJ Table 1). The experimental data agree 
fairly well with the theoretical curve. 

The concentration distribution of various complex 
species in solution as a function of pH was calculated 
by the MINIQUAD- computer program. The dis- 
tribution curves for the homocysteine complexes are 
shown in Fig. 3. The maximum degrees of formation 
of the protonated Zn*+ ternary complexes were 49% 
at pH 8.39,43% at pH 7.08, 20% at pH 6.5 and 40% 
at pH 8.00 for homocysteine, cysteine, penicillamine 
and mercaptoethylamine. The degrees of formation 
of the unprotonated ternary complexes are over 
50% at around pH 9 for homocysteine, N-acetyl- 
penicillamine, N-acetylcysteine, methionine, S- 
methylcysteine and serine, but at around pH 7.5 
for the other ligands. 
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Fig. 3. Distribution of various species as a function of pH 
for the Zn-NTA-homocysteine system. (1) [Zn(NTA)]-, (2) 

[Zn(NTA)HL]*-, (3) [Zn(NTA)LP-. 
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Summary-A coulometric-potentiometric method for the determination of pK, values of organic bases 
in anhydrous acetone is described. The bases were titrated with protons obtained by anodic oxidation of 
hydrogen dissolved in palladium, in the presence of sodium perchlorate as the supporting electrolyte. A 
pair of glass electrodes was used for measuring directly the difference between the half-neutralization 
potentials of the standard and the base being studied. The pK, values obtained were close to those reported 
in the literature. The effect of the supporting electrolyte concentration on the pK, values of some of the 
bases was also studied. 

Various methods for the determination of basic dis- 
sociation constants in a great many non-aqueous 
solvents have been described in the literature. Using 
pyridine as the standard base, Kolthoff and Brucken- 
stein’ have determined the dissociation constants of 
some bases in acetic acid potentiometrically, the 
dissociation constants of which they had determined 
spectrophotometrically.* The dissociation constants 
of bases in acetic acid and acetic anhydride have been 
determined by Shkodin and Karkuzak? from the 
corresponding potentiometric titration curves. 
Kolling and Garber4 have determined the dissocia- 
tion constants of some bases in a mixture of acetic 
acid and 1,4-dioxan potentiometrically by using glass 
and calomel electrodes. Petrakovich et al.’ have ob- 
tained the dissociation constants of bases in acetic 
anhydride by measuring the half-neutralization po- 
tentials with glass and calomel electrodes or glass and 
silver/silver chloride electrodes. The dissociation con- 
stants of organic bases in anhydrous acetone and 
acetone-water (9: 1) mixture have been determined 
potentiometrically by Izmailov and Mozharova6 by 
the use of a pair of glass electrodes. Zikolov et aL7 
have determined the protolytic constants of some 
alkaloids in ethylene glycol and its mixtures with 
various solvents by potentiometric titration, using 
glass and silver/silver chloride electodes. 

As the titrants in potentiometric determination of 
the dissociation constants of bases in non-aqueous 
media, solutions of perchloric or hydrochloric acid 
in some organic solvents have been used. However, 
the use of these titrants was connected with many 
difficulties (change of acid concentration with time, 
the effect of water present in the acid solution), 

which could be avoided by use of titration with 
coulometrically generated protons. Procedures for 
direct coulometric determination of bases in non- 
aqueous media, with protons generated by oxidation 
of hydrogen at an H,/Pd electrode, have been devel- 
oped in our laboratories. *s9 In this work an H,/Pd 
electrode was applied as the generator electrode 
in potentiometric determination of the dissociation 
constants of bases in anhydrous acetone. 

EXPERIMENTAL 

Reagents 

All chemicals used were of p.a. purity (Merck and Fluka). 
Before use, acetone was purified as described by Kreshkov 
er aLi Liquid bases (aniline, quinoline, piperidine, dimethyl- 
aniline, triethylamine, 2,4,6tollidine and benzylamine) were 
dried over fused potassium hydroxide and then fractionally 
distilled under reduced pressure. Suitable amounts of the 
bases were weighed into standard flasks and dissolved 
in acetone, and the solutions were diluted to the mark. 
The base concentration was checked by titration with 
protons generated at an HJPd electrode, with potentio- 
metric detection of the equivalence point (glass and calomel 
electrodes), Portions (0.5-1.5 ml) of the base solutions were 
delivered from a 5-ml burette fitted with a Teflon tap. As 
supporting electrolyte, solutions of sodium perchlorate in 
anhydrous acetone were used. 

Apparatus 

The apparatus used consisted of a current source, two 
identical electrolytic cells, a salt bridge and a pH-meter 
(Fig. 1). The current source was a current stabilizer (VinEa, 
Belgrade), and the generating current was measured with 
a precise milliammeter (Iskra, Kranj). The anode and 
the cathode compartments were separated by a porosity 4 
sintered-glass disc; the volume of the catholyte was 10 ml 
and that of the anolyte 50 ml. The cathode was a platinum 
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n 

Fig. 1. Schematic diagram of the apparatus for the potentiometric determination of pKA values of bases 
in anhydrous acetone with coulometrically generated protons: l-current stabilizer, 2-pH-meter, 
3-HJPd electrode, 4-glass electrode, 5-electrolytic vessel, bPt cathode, 7-magnetic stirrer, 

I-electrolytic bridge, 9-G-4 sintered-glass disc, B&oil bath. 

spiral and the generator electrode a palladium plate 
(10 x 20 x 5 mm) which was saturated with hydrogen 
obtained by the electrolysis of water containing a few drops 
of sulphuric acid. A salt bridge with capillary tubes at its 
ends served to connect the electrolytic cells, whereas contact 
between the cells was made by means of a ground-glass 
tap. Potentials were measured with a Radiometer pHM-26 
pH-meter and G 206 B glass electrodes. The electrolytic cells 
and the salt bridge were immersed in an oil bath, the 
temperature of which was regulated by an NBE (Dresden) 
thermostat. 

Procedure 

Suitable amounts of the reference base (2 x lo-‘44) and 
of sodium perchlorate solution are put into the anode 
compartment of the electrolytic vessel. Sodium perchlorate 
solution of the same concentration is put into the cathode 
compartment to the same level. The platinum spiral is 
inserted into the catholyte and the generator HJPd elec- 
trode into the anolyte. The current is switched on, and 
protons are generated at the HJPd anode in the amount 
required to half-neutralize the reference base solution. The 
same procedure is applied to the solution of the base 
investigated, a known volume of which is put in the second 
electrolytic cell. A glass electrode is then immersed in each 
of the two electrolytic cells containing the half-neutralized 
solutions of the reference base and the base investigated and 
the cells are connected by the salt bridge, tilled with sodium 
perchlorate solution. The whole apparatus is then immersed 
in an oil-bath at 25 f 0.1”. The potential is read 120 min 
after the half-neutralization of the bases. The solutions of 
the bases were prepared just &fore measurements were 
made, since many bases decompose on standing in acetone 
solution. 

RESULTS AND DISCUSSION 

The dissociation constants of organic bases were 
determined by measuring the electromotive force of 
the following cell: 

glass electrode /Bt$ym // i>yrn / glass electrode 

Both half-cells contain half-neutralized solutions of 
the standard and of the base investigated, at the same 
concentration m. The bases were titrated to half- 
neutralization coulometrically with protons gener- 
ated at the HJPd electrode.” 

The electromotive force of the cell is given by 

or 

RT RT 
E =-lnanS --lnan: 

nF nF 

E = 0.059 log KA,, + log 3 
,, 

-log K,,. - log 2 
> 

where K&, and KAx represent the dissociation con- 
stants of the conjugate acids of the reference base and 
the base investigated. 

When both half-cells contain half-neutralized sol- 
utions of bases at the same concentration. the 
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Table 1. Dissociation constants of the conjugate acids of organic bases (in anhydrous 
acetone/sodium perchlorate media) at 25.0 f 0.1 O, obtained by coulometry 

Number of 
Base dete~inations Plu, p& (literature value)6 

Pyridine 6 6.07 k 0.02+ 5.77 
Piperidine 5 11.53 f 0.03* 12.24 
Triethylamine 4 11.62 f 0.03* - 
2,4,6_Collidine 4 7.82 f 0.06’ - 
Benzylamine 4 9.01 f 0.01’ - 
Quinoline 4 5.35 & 0.03* 
Quinoline 5.09 + 0.07t 5.41 
Quinoline 

:: 
5.35 f 0.w 

Dimethylaniline 6 4.68 + O+Ol* 
Dimethylaniline 4 4.69 f 0.03t 4.91 
Dimethylaniline 5 4.79 + o.O4!j 

*Values in O.lM sodium perchlorate; 10 mA generating current. 
tValues in 0.5M sodium perchlorate; 10 mA generating current. 
(iValues in 0.05M sodium perchlorate; 5 mA generating current. 

electromotive force of the couple gives directly the 
relative dissociation constant of the test base: 

& = PKA~ - PKA, 

Aniline was used as the standard; its dissociation 
constant was determined potentiometrically 
(pk;, = 5.92): 

The experimental pKA values of the bases investi- 
gated, obtained by coulometric titration with protons 
generated at an H,IPd electrode, are close to those 
reported in the literature (Table 1). Since the ionic 
strength of the solution in acetone cannot be calcu- 
lated, the constants obtained represent conditional 
values at defined concentrations of supporting 
electrolyte. 

In the presence of sodium perchlorate (concen- 
tration range 0.05-0.5M) as the supporting elec- 
trolyte, the pK, values of the bases remain almost 
unchanged (quinoline and dimethylaniline, Table 1). 
From data published so far,‘* conditions for the 
potentiometric titration of weak bases in acetone are 
improved by use of high inorganic salt concentrations 
(3M lithium perchlorate). The effect of sodium 
perchlorate concentrations higher than 0.5M on the 
pKA values of the conjugate acids of bases in acetone 
has not been investigated in this paper, since weak 
bases can be titrated in acetone with protons gener- 
ated at the H,/Pd electrode at sodium perchlorate 
con~ntrations less than 0554. In titrations of the 
investigated bases with protons generated at the 
H,/Pd electrode in O.lM sodium perchlorate medium 
in anhydrous acetone, the potential jump at the 
equivalence point (for base concentrations less than 
O.OlM) was about 330 mV for strong bases 
(piperidine and t~ethylamine) and about 70mV for 
weak bases (quinoline and dimethylaniline). 

The pKA values in acetone at sodium perchlorate 
concentrations less than 0.05M were not determined 
since under these conditions the resistance of the 
system is high and the protons can be coulometrically 
generated at the H2/Pd electrode only with currents 

smaller than 3 mA, which requires a much longer 
electrolysis time. 

CONCLUSION 

The use of an Hz/W generator electrode as a 
source of hydrogen ions in the determination of basic 
dissociation constants in acetone makes this simpler 
than the classical potentiometric method. By means 
of this procedure the use of a standard acid solution 
is avoided and the change of solution volume in the 
course of the titration is eliminated. The pK values 
obtained by the application of coulometry in non- 
aqueous media, in which the ionic strength of the 
solution cannot be determined, are valid only for 
the defined supporting electrolyte concentrations. 
These conditional dissociation constants are of 
special practical importance for predicting the possi- 
bilities for coulometric determination of bases either 
individually or in mixtures, in the solvent studies. 
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TO THE EDITORS 

SIR, 

In the course of our present work on concentrated phosphoric acid media, we have found that 

$Ca2+/Cd is -0.752 V vs. Fc+/Fc in water, and log fLET- in 5.51 phosphoric acid is -1.6, and 

this necessitates some changes in our paper (Talanta, 1989,g, 727) on the reactivity of the 

cadmium ion in phosphoric acid media. Although our conclusions are not changed, Tables 2 

and 3 in that paper should be modified to read as follows (we have added the value for 

log &uDz to Table 3 as additional information). 
2 

Table 2. Thermodynamic constants in H20-H3P04 mixtures: potentials (V) are referred to 

the ferricinium/ferrocene system ($ = 0.400 V vs. NHE in water) 

__" ~.__..___, .-____. ..___..~_ ___._- ____. - 

H20 "3PO4 

-.-.._- 

2.OM 5.5 r?. 8.OPJ l!.SM_ 14.oM_ 

$ItlY 
.________ ____~ _-- -._ _~_ 

-0.2 -1.9 -3.2 -6.1 -8.9 

Lcd2+/Cd -0.752 -0.700 -0.600 -0.530 -0.418 -0.272 

'OpSl 1.6 1.9 1.9 2.1 2.6 -- 

'w3, 2.1 2.2 3.0 3.1 3.5 4.0 

'0983 1.5 2.2 3.2 3.9 4.0 5.6 

‘09B4 0.9 -- 3.1 3.3 -- -- 

ha&p 1.8 5.2 7.6 11.5 !6.5 

'og&1+ 0.5 3.3 5.0 6.9 -- 

'sQ#312 -0.3 1.1 24 2.9 48 

'Qidc13- -1.9 -1.3 -1.1 - 1.6 -2.3 

lopfcdc142- -- -3.4 -3.2 __ __ 

-EoAg+/AP(s) 0.400 0.440 0.495 0.550 0.680 0.775 

-E~~pClk)/Ag(d -0.17b -0.120 -0.080 -0.054 0.030 0.105 
&AgLETWAg(r) -O. ’ 56 -0.137 -0,056 -__ e-w ___ 

WAg+ 0.7 1.6 26 4.8 64 

io&- - 1.0 -1.6 -2.1 -3.6 -4.9 
'WlLET- -0.3 -1.6 em mm __ 

_.. --...-- -.--___---_ 
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Table 3. Precipitation and extraction reactions of cadmium as a function of phosphoric acid 

concentration 

H3PO4 

- 

z.o_ll 5.5 M 8.OM 1 1.5M 14.0 M_ 

_.-- 
p% Cd(LETP 110 11.8 ,113 -- -_ 

"4 kdDr2 "lc 2.6 2.0 2.6 0.7 0.1 
'g&dDz2exp -- -_ -- -- -_ 

$&Dz crk 7.5 6.7 6.4 5.7 4.5 

'+,,gDz sxP -- 6.8 6.4 6.1 -- 

'@&D:2 c& 9.4 8.3 8.1 6.4 3.8 

lCl&~ 

Cd011 = Cd2+ -0.2 2.0 3.4 4.3 6.7 
Cd(H) = CdCI* -0.5 1.7 2.9 3.3 -- 
Cd(H) = CdCI2 -0 3 11 2.4 2.9 4.8 

Cd(M) = CdC13- -0.9 0.3 1.0 1.8 2.6 

Cd(H) = CdClA2- -- -0.2 1.0 -- -- 

,$!&,d(LET)2 = %8 &',&2 = 1.4 b&D2 = 7.0 log,E&Dr2 = 10.2 

With these new numerical values taken into account, the pE of the reaction (page 729) 

2 Ag+ + Cd(LET)2(s) Q Cd2+ + 2 AgLET(s) 

decreases by log Qd2+ - 21og f 
-Ag 

+ = 2.0 on changing from water to 5.5& phosphoric acid 

medium. In the extraction of cadmium by Alamine 336 in 5.5fi phosphoric acid (page 729, 

column 2, line 12) the gain in reactivity of the Cd 2+ cation should be log kd2t = 5.2. On 

page 730 (column 2, line 8) the change in p& Cd(LET) should te t2.0 (Table 3). On the 

same page (column 2, line 22) the value for pE - wpE & pH - 0 should be 3.1. On page 731, 

the decrease in ps 

should be given by 

to 5.5g phosphoric 

26 June 1989 

of the reaction 

Cd2+ +2AgDz---" 2 Ag+ t CdDz2 

log GCd2t - 2 log f 
-Ag 

+ = 2.0 on changing 

acid and is independent of the nature of 

Laboratoire de Chimie Electrochemie Analytique, 
Facultb des Sciences, Universith de Nancy 1, 
B.P. 239. 51506 Vandoeuvre les Nancy Cedex, France 

the medium from water (pH - 0) 

the extractant. 

J. De GYVES 

J. GONZALES 

c. LOUIS 

J. BESSIEEE 
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SIR, 

The determination of phosphorus by precipitating ammonium phosphomolybdate, filtering it off, 

washing it free from acid, dissolving it in excess of standard alkali and back-titrating 

with standard acid can be simplified by replacing the filtration and washing step by flot- 

ation of the precipitate with a water-immiscible organic solvent, provided that the precipi- 

tate contains 0.11-1.1 mg of phosphorus. 

The ammonium phosphomolybdate is precipitated in the usual way and the reaction mixture 

is then quantitatively transferred to a separating funnel containing 10 ml of benzene 

(toluene, xylene or isoamyl alcohol can also be used). The funnel is shaken vigorously for 

1 min, then allowed to stand for the layers to separate. The precipitate is then all 

present in the organic layer. More solvent can be used to carry a large amount of precipi- 

tate. The aqueous layer is discarded, and 15 ml of 2X potassium nitrate solution are used 

to rinse the original beaker, the washings being transferred into the separating funnel, 

shaken thoroughly with the organic solvent, and then discarded after separation. This 

operation is repeated until the washings are free from acid. Normally two or three washings 

are sufficient. 

A measured and excessive volume of O.ly? sodium hydroxide is then added to the separating 

funnel and shaken with the organic phase to decompose the phosphomolybdate. The aqueous 

layer is run off into the original beaker, and the organic phase is washed with two 5-ml 

portions of distilled water, the washings being collected in the beaker. The aqueous phase 

is then titrated in the usual way with O.lg nitric acid. 

The accuracy of the procedure has been confirmed by comparison of the results with those 

of the traditional filtration procedure and a conventional gravimetric procedure (Table 1). 

Table 1. Comparison of results obtained by conventional filtration, grsvimetric and 

proposed methods 

Sample Conventional 
filtration 
method 

Proposed* 
method 

Magnesium 
ammonium 
phosphate 
method 

Relative 
standard 
deviation 
of proposed 
method, % 

Limestone ,0.21 

Limestone 2.34 

Steel 0.036 

Fertilizer 14.66 

* Means of ten replicates 

0.21 0.22 0.8 

2.35 2.36 1.0 

0.036 0.038 1.2 

14.65 14.60 1.3 
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In the analysis of geological materials, silica need not be removed by filtration prior 

to the precipitation of phosphorus, as it will remain with the aqueous phase in the separa- 

tion procedure. 

The technique works equally well with quinoline phosphomolybdate. 

12 May 1989 

Chemical Division, 
Geological Survey of India, 
Tamil Nadu, Kerala & Pondicherry, 
Madras 600 032, India 

V. RAMANAN 
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A FLUORIMETRIC METHOD FOR THE DETERMINATION 
OF CHLORINES AND TETRACHLOROETHENE BY 

BLEACHING OF RHODAMINE B 

REINHARD NIESSNER and MARTIN BACKER 

Department of Chemistry, University of Dortmund, Otto-Hahn Strasse 6, D-4600 Dortmund 50, F.R.G. 

(Received 1 December 1988. Revised 12 July 1989. Accepted 19 July 1989) 

Summary-A new fluorimetric method for the determination of tetrachloroethene and chlorine is based 
on the irreversible bleaching of Rhodamine B, which is either immobilized in a silicone polymer, or 
collected on a filter from an aerosol. Tetrachloroethene is decomposed to produce small amounts of 
chlorine, which reduces the fluorescence of Rhodamine B. With the immobilized Rhodamine B the 
detection limits were 2.1 mg/tn) for chlorine in air, and for C$I, 3.5 mg/m3 and 2.3 mg/l. in the gas and 
liquid phase respectively. A Rhodamine B aerosol was used as a trace catcher. This aerosol was mixed 
with the trace gas, irradiated, and collected on a membrane filter and its fluorescence intensity was 
measured. The detection limits by this approach were estimated to be 6 @g/m’ for Cl, and 55 pg/m3 for 
C&la. 

The development of optical sensors is a fast growing 
research area in analytical chemistry and some recent 
reviewC3 indicate the current interest. 

Many of the techniques employed use a reagent 
immobilized at the tip of an optical fibre to detect a 
change of colour or luminescence in the presence of 
an analyte.‘,’ The use of Rhodamine B as a sensing 
dye for the detection of sulphur dioxide in water was 
studied by Sharma and Wolfbeis,6 but the response 
was poor. 

The aim of this paper is to demonstrate the suit- 
ability of Rhodamine B for the detection of chlorine 
and tetrachloroethane. It has already been shown 
that tetrachloroethene is photochemically decom- 
posed by ultraviolet irradiation, producing small 
amounts of chlorine,s.9 which decreases the fluores- 
cence of Rhodamine B. Hence tetrachloroethene and 
other halogenated olefins can be estimated by observ- 
ing the bleaching effect on the fluorophore, provided 
the bleaching is reproducible and the photodecompo- 
sition yield constant, 

The bleaching effect was investigated with two 
experimental arrangements. The first used Rho- 
damine B immobilized in a silicone polymer.’ The 
sensor layers, deposited on a glass slide, acted as a 
time-integrating monitor for long exposures to the 
gaseous analyte. 

In the second method a mixture of a Rhodamine 
B aerosol and the gas to be analysed was passed 
through an ultraviolet irradiation unit. The 
fluorophore was collected on a membrane filter and 
its ffuorescence intensity measured. The decrease 
in intensity was proportional to the analyte concen- 
tration. 

EXPERIMENTAL 

Materials 

The transparent silicone pre-polymer (Elastsil E 43) was 
purchased from Wacker-Chemie (Burghausen, FRG). Rho- 
damine B and all other chemicals were of analytical reagent 
grade. 

The fluorescence intensity of the sensor layers was 
recorded with a Zeiss PMQII/ZFM tluorimeter equipped 
with a homemade support for the glass slides. Interference 
filters were employed for isolating the excitation wavelength 
of 436 nm and the emission wavelength of 610 nm. Altema- 
tively a Shimadzu RF 540 fluorimeter was used (excitation 
wavelength 350 nm; emission wavelength 560 nm). 

Preparation of the sensing slides 

Rhodamine B was used as the fluorophore in the sensing 
layer because of its high photostability and the negligible 
effect of atmospheric oxygen on the fluorescence. As the 
immobilizing medium a silicone pre-polymer was chosen, 
which had already been used as a sensor for oxygen and 
halothane.’ The polymer has the advantage of high perme- 
ability for gases, and a Rhodamine B solution in 
toluene/acetone mixture is soluble in the pre-polymer.1° 

Preparation of sensor layer. Four ml-of b.ix 10e4M 
solution of Rhodamine B in a 1: 1 v/v tolueneiacetone 
mixture were added to 5 g of the silicone ‘pre-polymer. Glass 
slides, which served as a rigid support, were coated with a 
l-mm thick film of the solution, and kept at 40” for 3 hr to 
evaporate the solvents and the acetic acid produced. The 
slides were stored in a desiccator in a clean air atmosphere. 

For detection of tetrachloroethene in aqueous medium 8 
ml of the Rhodamine B solution were added to 4 g of the 
pre-polymer and 0.100 ml of this mixture was distributed on 
the slides. 

Experimental arrangement with immobilized sensing layers 
(Method I) 

A schematic drawing of the apparatus is given in Fig. 1. 
Test-gas mixtures of tetrachloroethene or chlorine in clean air 

TAL 36112-A 1161 
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r---- ------------------- 

Collision 
4 

otomizcr 
Overflow 

L__-__________________ 

Fig. 1. Apparatus for the detection of chlorine and tetrachloroethene. I, Generation of test-gas 
atmospheres of C&l, and Cl,. II, Combination of decomposition of C,Cl, and reaction of the chlorine 
produced, with immobilized Rhodamine B on glass slides. III, Transfer of C,Cl., into the gas phase by 

atomization of an aqueous solution. 

were generated dynamically by means of permeation tubes” 
(see Part I in Fig. 1). Permeation tubes have been success- 
fully employed to produce standard test-gas mixtures in the 
pi/l. range.” The permeation rate was determined gravimet- 
rically, with a relative standard deviation smaller than 1%. 
The tubes for tetrachloroethene and chlorine were operated 
at 120 and 25” respectively. The tetrachloroethene mixtures 
were passed through the fused-silica spiral of the ultraviolet 
irradiation unit (see Part II in Fig. I). When chlorine was 
to be measured no irradiation was applied. The irradiation 
unit consisted of a fused-silica spiral (tube outer diameter 10 
mm, spiral diameter 5 cm) and a 254-nm UV-lamp (length 
36 cm, diameter 2.5 cm, rated power 15 W, Philips Corp.). 
Tetrachloroethene was decomposed by the irradiation and 
small but reproducible amounts of chlorine were formed. 
After the decomposition unit the trace gas stream was 
passed over the sensing slides in a flow tube. 

In the determination of C,Cl, the blank (1,) was deter- 
mined by ultraviolet irradiation of clean air. The sampling 
time was about 180 min. Since the bleaching of Rhodamine 
B by chlorine is irreversible, the coated glass slides could be 
used only once. 

With minor changes in the apparatus, tetrachloroethene 
in an aqueous phase can be determined, after transfer of the 
CQ into the gas phase by atomization of the liquid phase. 

Aqueous tetrachloroethene samples were prepared by 
diluting a stock solution of 130 mg of C&l, in 1000 ml of 
water. A 500-ml volume of the test solution was placed in 
the atomizer’* (see Part III in Fig. I), which produced an 
aerosol containing water droplets with traces of tetra- 
chloroethene. The water droplets vaporized within 1 set, 
producing a dilute tetrachloroethene-air mixture, which was 
analysed as described above. 

Apparatus for use of a Rhodamine B aerosol (Method II) 
In this approach a Rhodamine B aerosol (mean particle 

diameter 17 nm; 2 x IO5 particles per ml) was generated by 
means of an atomizer and passed through a diffusion drier’) 
(see Fig. 2). The aerosol was then mixed with the sample and 
passed through a membrane filter (grade 44, diameter 37 
nm, Whatman Corp.) at a flow-rate of 60 l./hr. As the 
fluorescence intensity depends on the relative humidity, the 
fluorescence intensity of the filter was measured immediately 

after completion of the sampling procedure, to ensure 
reproduciblity. Blanks (I,) were determined as before. 

RESULTS AND DISCUSSION 

The fluorescence intensity of a molecule can be 
reduced by another species in a reversible or an 
irreversible process. Bleaching of Rhodamine B is the 
result of a bimolecular process and can be described 
by the equation 

&,/I = Z + K[Q] (1) 

where I, is the initial fluorescence intensity, Z the 
fluorescence intensity in the presence of a quencher or 
bleacher, and [Q] is the concentration of the bleaching 
or quenching agent. The rate constant K is specific for 
each fluorophore/bleacher or fluorophorejquencher 
combination and is a function of temperature and the 
particle size of the fluorophore (since the specific 
surface area and hence the reaction rate will increase 
as the particle size decreases). 

Rhodamine B immobilization (Method I) 

Figure 3 shows the results of the interaction of 
chlorine and irradiated tetrachloroethene gas with 
immobilized Rhodamine B. As expected, a linear 
relationship between the fluorescence intensity ratios 
&/I and bleacher concentration was found. The gas 
velocity through the irradiation unit was kept con- 
stant at 5 l./hr to ensure a sutIicient residence time. 
It has been demonstrated earlier’ that the decompo- 
sition of tetrachloroethene is dependent on the gas 
velocity. At a flow-rate of 5 l./hr 40% of the theoreti- 
cal amount of chlorine is formed. 
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Fig. 2. Apparatus for the detection of chlorine and tetrachloroethene by means of an aerosol. I, Generation 
of the Rhodamine B aerosol. II, Generation of test-gas atmospheres of C&l4 and Cl, by pemeation tubes. 

III, Decomposition unit and filter holder. 

The detection limits (3 times the standard deviation 
of blank measurements) for the analytes were found 
to be 2.1 mg/m3 for chlorine and 3.5 mg/m3 for 
tetrachloroethene. The detection limit for the latter 
could be improved if the halocarbon could be decom- 
posed with a higher yield of chlorine. 

The concentrations of tetrachloroethene dissolved 
in water were in the range 2-20 mg/l. For the 
interaction of the atomized aqueous samples with 
immobilized Rhodamine B a linear relationship be- 
tween &,/I and the tetrachloroethene concentration 
was again observed. The detection limit was esti- 
mated to be 2.3 mg/l. 

1.6- 

2 4 6 6 10 12 14 16 16 

Conccntrotion 1 mg/m’ 1 Concentration (pg/m’) 

Fig. 3. Bleaching of Rhodamine B in silicone polymer by Fig. 4. Bleaching of Rhodamine B aerosol by gaseous Cl, 
gaseous Cl, and photolysed C$l,. Dotted lines: confidence and photolysed C,Cl, (relative humidity 35%). Regression 

limits (p = 0.95) of the regression line. lines and 95% confidence limits. 

Rhodamine B aerosol method (Method II) 

The results of use of this technique are illustrated 
in Fig. 4, and confirm the suggested linear model. The 
sampling time was 30 min and the flow-rate through 
the decomposition unit was 30 l./hr. Under these 
conditions the efficiency of conversion into chlorine 
was found to be 10%. 

The detection limits were considerably lower than 
those obtained with the immobilization method be- 
cause contact between the highly dispersed 
fluorophore and the bleacher was maximized. The 
limits found were 6 pg/m3 for chlorine and 55 pg/m3 
for tetrachloroethene. 
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. f?e -aerosol 

0 RB - impregnated filter 

moo 2400 

Chlorine (&t/m’ 1 

Fig. 5. Bleaching of Rhodamine B by Cl, in the gas phase. 
Comparisons of two different methods: means and error 
bars for Rhodamine B aerosol (a); filter impregnated with 

Rhodamine B (0). 

Different relative humidities had no influence on 

the decom~sitio~ or the bleaching process at the 
chosen flow-rate. 

To demonstrate the superior sensitivity of the 
aerosol method, several filters were imprecated by 
dipping them into a 2.08 x 10e6M aqueous Rho- 
damine B solution. The blanks (1,) of the dried filters 
were recorded in the same way as for the aerosol 
method and resulted in similar fluorescence intensi- 

‘f 
6 

t 
6 (xi4 
0 ma T 

I if 
2 

P 

P 
9i 

, 
I s f ,I 3! 

1 200 400 600 600 

ties. Figure 5 shows that the detection of chlorine 
with impregnated filters was less sensitive. Higher 
concentrations of chlorine caused large deviations 
from the expected linear relationship, presumably 
because of saturation phenomena. 

Interferences by reactive species other than chlo- 
rine and tetrachlor~thene are presented in Fig. 6. 
The gases Brz, SO,, HzS and NO, were generated by 
the permeation technique, and ozone was produced 
by irradiating clean air with a UV-lamp at 185 nm. 

Only Br, and SO, interfered with the C+J, mea- 
surement. Bromine has similar chemical properties to 
chlorine and therefore reduced the fluroescence inten- 
sity of Rhodamine B, although with lower efficiency. 
The bleaching of the fluorescence of Rhodamine B by 
SO, in methanolic solutions has already been investi- 
gated by Wohbeis et aL7 

The interference of Br, and SO, in determination of 
tetrachloroethene can be avoided by placing an alka- 
line pre-filter or an alkali-coated diffusion trap before 
the irradiation unit. 
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FLUOROMETRIC DETERMINATION OF CARBARYL IN 
MICELLAR MEDIA 

J. SANCEN~N, J. L. CAR@N and M. DE LA GUARDIA* 
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Summary-A new method is proposed for the tluorometric determination of carbaryl, based on the basic 
hydrolysis of the pesticide to 1-naphtholate at pH 12 and enhancement of the relative quantum yield of 
this latter compound by the presence of non-ionic surfactants. The procedure is quick and easy and 
presents a limit of detection of 1.4 ng/ml. The interaction of carbaryl with non-ionic surfactants has heen 
studied both spectrophotometrically and fluorometrically, in different media. To determine carbaryl in real 
samples prior extraction into xylene and back-extraction with 1M sodium hydroxide is necessary to avoid 
the strong quenching effect of the matrix. 

Carbaryl(1 naphthyl-N-methylcarbamate) is an anti- 
cholinesterase insecticide which is widely used in the 
control of insect pests.’ It can be determined by 
chromatography2m’4 and room-temperature phospho- 
rimetry.‘s-‘s Infrared spectrometry’g and ultraviolet 
spectrophotometry2’ are employed as reference meth- 
ods and derivative spectrophotometry has been used 
for the simultaneous determination of carbaryl and 
l-naphthol.21 

Spectrofluorimetry has been use for the determina- 
tion of carbaryl 22~25 because of its high fluorescence 
quantum yield, and recently constant-energy syn- 
chronous luminescence has been used to improve the 
selectivity of the determination.26 

Carbaryl can also be determined spectrofluoromet- 
rically after hydrolysis to 1-naphtho127-29 and the use 
of O.lM sodium hydroxide in a 10: 90 v/v mixture of 
ethanol and water leads to rapid formation of l- 
naphtholate.30 

Micellar media offer a remarkable improvement in 
the spectrophotometric and fluorimetric determina- 
tion of a wide range of organic molecules,3’-33 and in 
the present work, the effect of different non-ionic 
surfactants on the light-absorption and fluorescence 
of carbaryl has been examined and a method devel- 
oped for its assay, based on spectrofluorometric 
determination of I-naphtholate in micellar media. 

EXPERIMENTAL 

Apparatus 

A Shimadzu difference spectrofluorometer, model RF- 
520, equipped with a xenon lamp and a U-135s recorder and 
1 .O-cm fused-silica cells, was used, with a IO-nm band-width 
for excitation and emission. All the measurements were 
made with the instrument sensitivity set at 8.5. A Shimadzu 
double-beam spectrophotometer, model UV-240, equipped 

*Author for correspondence. 

with l.O-cm fused-silica cells and a PR-1 graphics printer 
was also used. 

A Crison 517 pH-meter, a Selecta model 617 ultrasonic 
bath and a Selecta Vibromatic V 384 mechanical shaker 
were employed. 

A home-made stalagmometer was used for surface ten- 
sion measurements to determine the c.m.c. of the surfactants 
in the presence and absence of carbaryl. 

Reagenis 

Carbaryl (Union Carbide), I-naphthol (Merck) and ana- 
lytical grade xylene (Probus) were used. The following 
non-ionic surfactants were employed. 

Nonylphenol ethylene oxide condensates Nemo1 K-38, 
K-39, K-539, K-1030, K-1033, K-1035 and K-2030 (Mass0 
& Carol), with average degrees of condensation of 9.4, 10.5, 
10.3, 11.7, 16.6, 17.6 and 25.8 respectively.‘” rert-Octylphe- 
no1 ethylene oxide condensates Triton X- 114, X-100 and 
X-405 (Fluka) with average degrees of condensation of 7.8, 
10.2 and 44.2 respectively.35 Alkanol ethylene oxide conden- 
sates Dehscoxid 650,728 and 729 (Tensia Surfac) containing 
4.5, 8.5 and 23 moles of ethylene oxide per mole, respec- 
tively, according to the manufacturer’s specifications. 
Ethylene oxide propylene oxide condensates Genapol PF-20 
and PF-80 (Hoechst) with average molecular weights of 
2420 and 8100, respectively.36 

General procedures 

A stock 50 ppm solution of carbaryl in water was 
prepared by use of an ultrasonic bath to ensure complete 
dissolution. 

To obtain the excitation and emission spectra of carbaryl 
in the presence of different surfactants, 5 ppm solutions were 
prepared from the stock solution, and also contained 1% of 
the non-ionic surfactant. The spectra were recorded for 
solutions that had been adjusted to pH 7 or made O.OlM in 
sodium hydroxide. Water was used as reference. The fluores- 
cence of the solutions was measured 30 min after they had 
been prepared, to ensure that all samples and standards were 
homogeneously mixed. The absorption spectra of the same 
solutions were recorded, with water as reference. 

To determine the critical micellar concentration (c.m.c.) 
of Nemo1 K-1030 in the presence of carbaryl, solutions 
containing 3 ppm of carbaryl at pH 12 were prepared, with 
surfactant concentrations between 40 pg and 1 mg per g. 
The c.m.c. of the surfactant was also determined in the 
absence of carbaryl. The determination was done with a 
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400 500 500 

X,,/ nm 

Fig. 1. Emission spectra (excitation wavelength 336 nm) of 
an alkaline aqueous solution of A, Nemo1 K-1030; B, 

carbaryl; C, carbaryl in the presence of Nemo1 K-1030. 

stalagmometer. To achieve monomer-micehe equilibrium, 
the surface tension measurements were all made in the same 
session, 24 hr after preparation of the solutions. 

For determination of carbaryl in technical samples, a 
solution of the sample in water at pH 12, and containing 60 
mg/ml Nemo1 K-1030 is prepared and its fluorescence is 
measured at 450 nm, with excitation at 336 nm. A calibra- 
tion graph is prepared in the same way. 

For the determination of traces of carbaryl in polluted 
water samples a procedure based on solvent extraction of 
carbaryl and back-extraction of I-naphtholate is used. 

Recommended procedure 
Take a known volume of water sample and shake it 

vigorously for 5 mitt with half its volume of xylene in a 
separating-funnel. Allow the phases to separate, than shake 
5 ml of the xylene extract with 10 ml of 1M aqueous sodium 
hydroxide for 10 min. To 5 ml of the alkaline extract add 
5 ml of 12% aqueous solution of Nemo1 K-1030, and after 
5 min measure the fluorescence intensity as described above. 

RESULTS AND DISCUSSION Effect of surfactant concentration 

Interaction of carbaryl with non -ionic micelles 

The emission spectra of carbaryl with an excitation 

wavelength of 336 nm, in the presence and absence of 
Nemo1 K-1030 at pH 12, are shown in Fig. 1. The 
presence of 6% Nemo1 K-1030 produces a threefold 
increase in the fluorescence of carbaryl, with a shift 

The influence of the concentration of various non- 
ionic surfactants on the MEF values of solutions 
containing 5 ppm of carbaryl at pH 12 is indicated in 
Fig. 2. It can be seen that in every case the increase 
in fluorescence is produced at surfactant concentra- 
tions higher than the c.m.c., concentrations greater 
than 46% being required in order to obtain maxi- 

of the emission maximum to 450 nm; the aqueous 
surfactant solution has lower fluorescence with its 
emission maximum at 390 nm. 

In a neutral aqueous medium, with excitation at 
285 nm, emission peaks at 660 and 334 nm appear. 
In the presence of surfactant, both bands increase in 
intensity and shift to shorter wavelengths of 610 and 
310 nm, respectively, but these bands then coincide in 
intensity and position with those given by Nemo1 
K-1030 and are not suitable for carbaryl determina- 
tion. The same behaviour is observed in the presence 
of other Nemols and Tritons. 

The absorption spectrum of carbaryl in a neutral 
medium presents two bands at 280 and 220 nm, 
which, in the presence of Nemo1 K-1030, are hidden 
by the absorption band of the surfactant at 275 nm. 
In a basic medium, the absorption bands appears at 
335 and 245 nm respectively, and there is no increase 
in absorbance in the presence of Nemo1 K-1030. 

Table 1 lists the increases in the fluorescence of 
carbaryl in the presence of surfactants of different 
natures and compositions, in both neutral and alka- 
line media, quantified by the micellar fluorescence 
enhancement values (MEF), corrected for the fluores- 
cence of the surfactant: 

MEF = (I- &)/I, 

where I is the fluorescence intensity of carbaryl in the 
presence of 1% of surfactant, Z, the fluorescence 
intensity of the surfactant alone at the same concen- 
tration, and Z, that corresponding to a solution of 
carbaryl in water. The emission and excitation wave- 
lengths are also given in this table. 

It can be seen that at neutral pH there is no 
increase in the fluorescence of carbaryl, and in some 
cases even a slight decrease, whereas in a basic 
medium increases in fluorescence are obtained in all 
cases. 

Table 1. Effect of addition of surfactant on the fluorescence of 
carbaryl 

Surfactant 

Neutral pH Basic pH 

1 &I, CI’ L I,, ex 1 
MEF* nm nm MEF* nm nm 

Dehscoxid 728 I% 1.07 285 336 1.83 336 455 
Dehscoxid 729 1% 1.05 285 340 1.64 336 457 
Dehscoxid 650 1% 0.89 285 338 1.23 336 465 
Triton X-100 1% Hidden bands 1.64 335 452 
Nemo1 K- 1030 1% Hidden bands 1.69 336 454 
Genapol PF-80 1% 0.80 285 336 1.01 336 466 

*Micellar fluorescence enhancement; see text for definition. 



Fluoromet~c de~nation of carbaryl 1167 

(A 

I I I I 
2 4 6 8 

Surfactant 

(Cl 

I I I 1 
0 2 4 6 8 

Surfactant weight (96) 

I I I I I 
0 2 4 6 6 10 

weight (%I 

3 

2 

k 
z 

1 

0 2 4 6 8 

Fig. 2. Influence of the concentration of non-ionic surfactants on the MEF values of carbaryl at pH 12. 
A: Dehscoxid 728 0, Debscoxid 729 A and Dehscoxid 650 0. B: Triton X-100 Cl, Triton X-l 14 0 and 
Triton X-405 A, C: Nemo1 K-38 A. Nemo1 K-39 0 and Nemo1 K-539 0. D: Nemo1 K-1030 0, Nemo1 

K-1033 0, Nemo1 K-1035 A and Nemo1 K-2030 0. Concentration of carbaryl 5 ppm. 

mum MEF values. The slight further increase in 
fluorescence at greater concentrations can be at- 
tributed to an increase in the viscosity of the solu- 
tions 

From the results obtained, it was decided that 
Nemo1 K-1030 at a concentration of 6% should be 
used, since of the surfactants tested, it gives the 
greatest increase in fluorescence of carbaryl in basic 
medium. 

Interaction mechanism 

Carbaryl in a basic micellar medium is instanta- 
neously hydrolysed to I-naphthol, the surfactants 
having an effect comparable to that previously found 
for the use of a 10% vfv ethanol solution.M 

At pi-l 12 the I-naphthol is deprotonated to l- 
naphtholate, so the sensitization of the fluorescence 
of the system is due to interaction between the 
micelles and the I-naphtholate. 



1168 J. SANCEN~N el al. 

The fact that the same c.m.c. value is obtained for 
Nemo1 K-1030 in the presence and absence of car- 
baryl at pH 12, shows that the interaction takes place 
between the ethylene oxide groups of the micelle and 
the aromatic structure of I-naphtholate, without the 
formation of mixed micelles?7*38 

The fluorescence intensity becomes maximal and 
constant within 5 min after the addition of the 
surfactant (Fig. 3), and this delay is presumably due 
to the rate of incorporation of the 1-naphtholate in 
the micelles. 

ANALYTICAL CHARACI’ERISTICS OF THE 
PROPOSED METHOD 

With standard solutions of carbaryl, a linear cali- 
bration line from 0 to 1 ppm carbaryl was obtained 
in the presence of 6% of Nemo1 K-1030 at pH 12. 

The detection limit (taken as three times the stan- 
dard deviation of ten blank measurements divided by 
the calibration slope) was 1.4 ng/ml and the co- 
efficient of variation was 1.2%. 

The sensitivity obtained in the micellar media 
corresponds to 20 mV . ml. p g-’ with the instrumen- 
tation and conditions used, which compares advanta- 
geously with that obtained for the native fluorescence 
of 1 naphtholate in aqueous media (9 mV . ml. @g- ‘). 

Recoveries of 100.1, 100.5 and 102.4% were ob- 
tained in the analysis of three samples spiked with 
305, 508 and 711 ng/ml carbaryl, respectively. 

The method proposed has been applied to the 
analysis of two commercial preparations and a tech- 
nical carbaryl. The results obtained were 7.4 _+ 0.2%, 
84 + 1% and 89 f 1% in micellar media, which are 
comparable to those found in aqueous media: 
7.3 + 2%, 83 _t 1% and 87.5 + 0.9% respectively. 

DETERMINATION OF CARBARYL IN 
NATURAL WATERS 

When the procedure was applied to the analysis of 
real samples a strong quenching effect due to the 

i 

,L._I_.l_._I_‘-s-‘-~-*-~*- 

If 

I 1 I 1 I 1 I I I 
10 20 30 40 

Time / min 

Fig. 3. Rate of production of fluorescence for 3.6 ppm 
carbaryl in presence of 6% Nemo1 K-1030 at pH 12. 

Table 2. Analysis of polluted water samples 

Carbaryl Carbaryt 
Sample added, ng/mI recovered, ng/mi 

Lake A 1236 1217k9 
Lake B 1854 1830 + 12 
River A 93 121 f 9 
River B 618 604*7 

matrix was observed, so a strategy based on the prior 
liquid-liquid extraction of carbaryl’was developed to 
avoid the matrix interference. 

The low solubility of carbaryl in water and high 
solubility in xylene permits the solvent extraction of 
this compound in a single step. The extracts can be 
stripped with sodium hydroxide solution, which 
hydrolyses the carbaryl and also forms the l-naph- 
tholate, which is obviously easily extracted into the 
aqueous phase. 

The addition of Nemo1 K-1030 to the basic l-naph- 
tholate solutions provides the advantages already 
indicated and gives an accurate determination of 
carbaryl in natural waters. 

Table 2 summarizes the results obtained in the 
analysis of river and lake water samples, and it can 
be seen that the results of recovery experiments are 
satisfactory. 

Standards prepared by the same procedure as the 
samples and those directly prepared from alkaline 
carbaryl solutions provide the same emission values, 
so aqueous solutions containing Nemo1 K-1030 can 
be used as standards for the dete~ination of car- 
baryl in samples for which prior extraction is required 
because of matrix interference. 
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FLUOROMETRIC REACTIONS OF PURINES AND 
DETERMINATION OF CAFFEINE 
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Meiji College of Pharmacy, l-35-23 Nozawa, Setagaya-ku, Tokyo 154, Japan 

(Received 15 October 1988. Revised 7 July 1989. Accepted 15 July 1989) 

Summary-Two new spot-tests for purines are described together with a new sensitive determination of 
caffeine. The spot tests involve a fluorometric reaction with 4,5-dimethyl-o-phenylenediamine after 
oxidation with N-bromosuccinimide. Caffeine treated in this manner exhibits a blue fluorescence with 
excitation maxima at 340 and 390 nm, and an emission maximum at 480 nm. The fluorometric reaction 
may be used to determine caffeine in the range 0.01-10 pg/ml with a relative standard deviation of 0.9% 
for 0.1 pg/ml caffeine. The method has been used to determine caffeine in cough syrups. 

The purines include a number of products which are 
obtained by the hydrolysis of the nucleic acids found 
in the nucleoproteins of plant and animal cells. These 
compounds are closely related structurally. One of 
them, caffeine, is used as a diuretic, a cardiotonic, an 
analeptic and an analgesic. 

A reaction with murexide for the detection of 
purines is described in the Japanese Pharmacopeia’ 
and the United States Pharmacopeia.* In this work, 
we describe two new fluorometric spot-tests for 
caffeine and other purines. The detection limits of 
these tests are compared with those for the murexide 
reactions. 

Photometric methods for the determination of 
caffeine include those based on its absorption alone3” 
or in combination with colour reagents such as 
pyridine,5 p-nitroaniline6 and phosphotungstic acid,’ 
but the sensitivity of these methods is poor. Although 
caffeine is fluorescent with an excitation maximum at 
230 nm and an emission maximum at 330 nm in 
methanol,8*9 the fluorescence is too weak for quantita- 
tive use. 

It has been reported that caffeine” and other 
purines (e.g., uric acid”) can be oxidized to alloxan 
derivatives. Alloxan can be reacted with o-phenylene- 
diamine to give a fluorescent product.‘* This infor- 
mation has now been made the basis for spot-tests for 
purines and a method for determination of caffeine, 
with 4,5-dimethyl-o-phenylenediamine (DMPD) as 
reagent. 

EXPERIMENTAL 

Reagents 

A standard caffeine solution (1000 pg/ml) was prepared 
by dissolving 100 mg of caffeine (Wake Pure Chem., Japan) 
in 100 ml of water. The DMPD solution (O.OI%)-was 
prepared by dissolving 10 mg of 4,5-dimethyl-o-phenylene- 
diamine (Tokyo Kasei Co., Japan) in 100 ml of ethanol; this 
solution was stable for 3 days in the dark. The NBS solution 
(0.01%) was prepared by dissolving 10 mg of N-bromosuc- 

cinimide (Tokyo Kasei Co.) in 100 ml of water. Sodium 
thiosulphate solution (0.1%) was prepared by dissolving 100 
mg of sodium thiosulphate pentahydrate (Wake Pure 
Chem. Co.) in 100 ml of water. All other chemicals were of 
reagent grade. 

Apparatus 

Fluorescence measurements were made with a Hitachi 
650-10s thtorescence spectrophotometer with 10 mm fused- 
silica cuvettes. 

Procedure for the spot-rests 

Fluorescence reaction I. Transfer a drop of alcoholic or 
aqueous test solution to a micro test-tube and add a drop 
of 0.6M acetate buffer solution (pH 4.6) and a drop of NBS 
solution. Cool for 1 min in an ice-bath then add a drop of 
sodium thiosulphate solution and a drop of DMPD sol- 
ution, and let stand for 20 min at room temperature, then 
examine under ultraviolet light. Fluorescence indicates the 
presence of purines. 

Fluorescence reaction ZZ. Transfer a drop of the test 
solution to a micro-test tube, and add a drop of 0.6M 
acetate buffer solution (pH 4.3) and a drop of NBS solution. 
Let stand for 20 min at room temperature, add a drop of 
sodium thiosulphate solution and a drop of DMPD sol- 
ution, keep for 30 min at 50”, then examine under ultraviolet 
light. Fluorescence indicates the presence of purines. 

Murexide reaction I. Transfer a drop of the test solution 
to an evaporating dish and add a drop of 3% hydrogen 
peroxide solution and a drop of concentrated hydrochloric 
acid. Evaporate the mixture to dryness on a boiling water- 
bath, and add a drop of 20% ammonia solution to the 
residue. A red violet colour indicates the presence of purines. 

Murexide reaction ZZ. Repeat murexide reaction I with a 
crystal of potassium chlorate instead of the 3% hydrogen 
peroxide solution. 

Procedure for determinalion of caffeine 

Transfer 1.0 ml of sample solution containing 0.01-10 pg 
of caffeine to a light-proof screw-capped test-tube. Add 
1.0 ml of 0.6M acetate buffer solution (pH 4.3) and 0.2 ml 
of NBS solution. Keep the solution at 30” for 20 min, add 
0.2 ml of sodium thiosulphate solution and 0.2 ml of DMPD 
solution and keep the mixture at 50” for 30 min. Measure 
the fluorescence intensity at 480 nm, with excitation at 
390 nm. Use 0.05. 0.1 or 0.5 pg/ml quinine sulphate 
solutions in 0.05M sulphuric acid as reference standards. 
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Table 1. Results of spot tests 

Murexide reaction I* Murexide reaction IIt 

Sample Colour 
L.D.,F, 

&drop 
L.D., 

Colour &drop 

Uric acid 
I-Methyluric acid 
1,3-Dimethyluric acid 
Xanthine 
I-Methyixanthine 
3-Methylxanthine 
‘I-Methylxanthine 
Theophylline 
Paraxanthine 
Theobromine 
Caffeine 
Adenine 
Guanine 
Hypoxanthine 

*With hydrogen peroxide. 
tWith potassium chlorate. 
$Limit of detection. 
SRP: red purple, P: purple. 

W 
RP 
RP 
RP 
RP 
RP 
RP 
RP 
RP 
RP 
RP 
- 
- 
- 

250 
25 
10 
SO 
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70 

250 
2s 
2s 
25 
25 

RP 
RP 
RP 
RP 
RP 
RP 
RP 
RP 
RP 
RP 
RP 
- 
P 
- 

SO 
2s 
10 
SO 
SO 
SO 

100 
2s 
2s 
2s 
10 

250 

RESULTS AND DISCUSSION 

Spot-tests for purines 

Spot-tests based on the reaction of murexide with 
alloxan and caffeine are already known,‘*3 but we 
have examined the limits of detection for 14 purines 
with this reaction (Table 1). Further, we have tried to 
develop new spot-tests for purines, based on fluores- 
cence reactions I and II (Table 2), and these have 
proved to be much more sensitive than the murexide 
reaction. 

Conditions for determination of cafleine 

Effects of NBS and sodium thiosulphate. It has been 
reported that caffeine is oxidized to dimethylalloxan 
by nitric acidi and potassium chlorate,i4 but these 

reagents are found to be inconvenient when applied 
to the determination of caffeine. NBS, N-chlorosuc- 
cinimide, sodium nitrite and iodine were therefore 
examined as alternative oxidants. Of these, only NBS 
and iodine were found suitable. Iodine reacted in a 
solution buffered at pH -2 and the resultant 
dimethylalloxan” reacted with DMPD in the pH 
range 3.5-5.0. NBS oxidized caffeine in the pH range 
3.5-5.0 and the resultant dimethylalloxan reacted 
with DMPD in the same pH range, so NBS was 
chosen as the oxidant. The highest constant fluores- 
cence intensity was obtained with 0.009-0.03% NBS 
solution (Fig. l), and 0.01% solution was therefore 
selected as optimal. However, excess of NBS caused 
a decrease in the fluorescence intensity, so it was 
removed by addition of 0.1% sodium thiosulphate 

Table 2. Results of spot tests 

Sample 

Fluorescence reaction I* Fluorescence reaction IIt 

L.D.,§ L.D., 
Fluorescence colour ngldw Fluorescence colour ng/drop 

Uric acid 
I-Methyluric acid 
1,3Dimethyluric acid 
Xanthine 
I-Methylxanthine 
3-Methylxanthine 
7-Methylxanthine 
Theophylline 
Paraxanthine 
Theobromine 
Caffeine 
Adenine 
Guanine 
Hypoxanthine 

GS 
G 
B 
G 
G 
- 
G 

G 
G 
B 
- 
B 
- 

0.5 
3 
3 
0.5 
0.5 

3 

1 
0.5 
3 

3 

G 
G 
B 
G 
G 
G 
G 
B 
G 
G 
B 
B 
B 
B 

1 
0.3 
3 
0.5 
0.3 
0.5 
0.7 

300 
0.3 
0.5 
0.7 

500 
0.7 

500 

*Oxidized in an ice-bath fluorescence reaction I. 
toxidixed at 30”, fluorescence reaction II. 
§Limit of detection. 
$G: green, B: blue. 
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Fig. 1. Effect of NBS concentration on the fluorescence 
intensity: caffeine taken, 1.0 pg. 

solution, excess of which does not affect the fluores- 

cence. 
EApcts of oxidation time and temperature. Both the 

time and temperature for the reaction with NBS 
influenced the fluorescence intensity (Fig. 2). Maxi- 
mal and constant fluorescence intensity was attained 
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Fig. 2. Effects of reaction time and temperature of NBS on 
the fluorescence intensity: caffeine taken 1.0 pg; 0, 25”; 

0, 30”; A, 35”; W, 40”; A, 50”; Cl, 60”. 
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Fig. 3. Effect of pH on the fluorescence intensity‘for 1.0 pg 
of caffeine. The buffers were prepared by mixing the buffer 
components to give the desired pH. Components: l ,0.6M 
acetic acid-O.6M sodium acetate; n , 0.6M citric acid-l.2M 
disodium hydrogen phosphate; 0, 0.6M hydrochloric 
acid-O.6M sodium acetate; 0, 0.6M citric acid-sodium 

citrate. 
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Fig. 4. Effect of acetic acid-sodium acetate buffer concen- 
tration (pH 4.3). 

on heating for 15-30 min at 30”. Heating for 20 mm 
at 30” was chosen as optimal. 

Effect of PH. The fluorescence intensity was pH- 
dependent. Various buffer solutions in the pH range 
3.8-5.0 were examined. Figure 3 shows that acetate 
buffer solution (pH 4.2-4.4) gave the highest con- 
stant fluorescence intensity. The concentration of the 
acetate buffer solution also affected the fluorescence 
intensity (Fig. 4). Use of the 0.6M acetic acid-0.6M 
sodium acetate buffer is therefore recommended, 
since chloride apparently affects the fluorescence 
intensity and the influence of PH. 

Effect of DMPD concentration. The highest con- 
stant fluorescence intensity was obtained with 
DMPD concentrations in the range 0.008-0.1%. 
Therefore a 0.01% DMPD solution was used. 

Eflects of reaction time and temperature with 
DMPD. The temperature for reaction of caffeine with 
DMPD was varied from 30 to 80” and the reaction 
time was varied from 0 to 60 min (Fig. 5). The highest 
constant fluorescence intensity was obtained after 
25 min at 50”. Therefore, heating at 50” for 30 min 
was adopted. The fluorescence intensity obtained was 

100 

l-i 
L 50 

Ii 

I I I 
20 40 60 

Time (mln) 

Fig. 5. Effects of reaction time and temperature with DMPD 
reaction on the fluorescence intensity: caffeine taken, 

1.0 fig; 0, 30”; 0, 40”; l , SO”; A, 60”; A, 80”. 
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Fig. 6. Excitation and emission spectra of the fluorescent 
product from caffeine (1.0 ,ug). 

constant for at least 12 hr at room temperature in 
daylight. 

Excitation and emission spectra. The excitation 
maxima of the fluorescent product derived from 

caffeine were at 340 and 390 nm, and the emission 
maximum was at 480 nm (Fig. 6). The fluorescence 
intensity of a blank solution irradiated at 340 nm was 
about twice that for a blank irradiated at 390 nm. 
Therefore, the irradiation at 390 nm was used for the 
determination of caffeine. 

Calibration curve for caffeine. The calibration curve 
was linear for 0.01-10 pg/ml caffeine. The relative 
standard deviations (n = 6) were 0.9 and 1.2% for 1 .O 
and 0.1 ,ug/ml caffeine, respectively. 

Interferences 

Table 3 shows the effect of some other substances 
on the determination of 1.0 pg/ml caffeine. Inter- 
ferences may include ascorbic acid, riboflavine, albu- 
min, urea, glutathione, bilirubin and purines, which 
should therefore be removed prior to analysis. For 
the determination of 1.0 pg/ml caffeine in aqueous 
solution, up to 100 pg/ml levels of these substances 
can be removed with an ODS silica gel column 
(Waters SEP-PAK 0DS@).‘6 

Table 3. Effects of foreign substances on determination of caffeine (1.0 ~9) 

Substance 
Added, Caffeine 
pgcglml found, % Substance 

Added, Caffeine 
pgglml found, % 

Cd+ (CuSO,.SH,O) 
Fez+ (FeSO,. 7HrO) 
Fe)+ (FeCl,.6H,O) 
Mg2+ 
Ca*+ (CaCl,) 
I- (KI) 
Br- (KBr) 
P (K&PO,) 
L-Ascorbic acid 
RibotIavine 
Thiamine. HCl 

Pyridoxal 
~-Glucose 
Sucrose 
Lactose 
Starch 
Albumin 

Creatinine 

Allantoin 

10 97 
10 92 
10 99 

100 85 
100 100 

10 84 
100 115 
100 104 

1 116 
1 83 

10 90 
1 100 
1 106 

100 100 
100 100 
100 100 
100 100 

10 90 
1 100 

100 88 
10 100 

100 67 
10 100 

Urea 
Glutathione 
Bilirubin 
L-Pyruvic acid 
Xanthine 
I-Methylxanthine 
3-Methylxanthine 
7-Methylxanthine 
Theophylline 
Paraxanthine 
Theobromine 
Uric acid 
I-Methyluric acid 
1,3-Dimethyluric acid 
Hypoxanthine 
Adenine 

Guanine 
Cytosine 
Thymine 
Uracil 

10 61 
1 88 
1 96 
1 114 
1 160 
I 650 
1 280 
1 110 

100 100 
1 131 
1 183 
1 131 
1 651 
1 105 

100 100 
100 87 

10 108 
1 90 
1 81 
1 100 

10 92 

Table 4. Determination of caffeine in cough syrups (mean + standard deviation, 
6 samples) 

Preparation* Found, mg Added, mg Recovery, % 

A 37.4 + 1.2 (in 48 ml) 4.8 99* 1 
B 32.0 f 1.2 (in 16 ml) 1.6 102* 1 

*Preparation A, cough syrup contained platicodon extract (50 mg), senaga extract 
(20 mg), ophiopogon extract (200 mg), glycyrrhiza extract (75 mg), dihydro- 
codeine phosphate (10 mg), okmethylephedrine hydrochloride (20 mg), 
chlorpheniramine maleate (4 mg) and anhydrous caffeine (36 mg) in 48 ml. 
Preparation B, cough syrup contained acetaminophen (200 mg), dihydro- 
codeine phosphate (3.3 mg), DL-methylephedrine hydrochloride (6.6 mg), 
chloropheniramine maleate (I .65 mg), glycyrrhiza extract (80 mg), potassium 
guaiacolsulphonate (50 mg) and anhydrous caffeine (30 mg) in 16 ml. 
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Determination of caffeine in cough syrups 

Commercial cough syrups were diluted lOOO-fold 
with water and the caffeine content was determined 
by the proposed method (Table 4). Recovery of 
1000 pg of caffeine added to 1 ml of preparation was 
satisfactory in both cases. The amount of caffeine in 
the two cough syrups was almost identical with the 

4. Methodr ofAnalysis of AOAC, 14th Ed., p. 721, Method 
No. 37.055. Association of Official Analytical Chemists, 
Arlington, 1984. 

5. R. Bontemps, Pharm. Acta Helv., 1960 35, 128. 
6. H. Raber, Sci. Pharm., 1964, 32, 122. 
7. P. Haefelfinger, B. Schmidli and H. Ritter, Arch. 

Pharm., 1964, 297, 641. 
8. G. Lancelot and C. Helene, Chem. Phys. Let?., 1971,9, 

327. 
nominal content (Table 4). 
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Summar-Two sludges of different origin (urban sludge and brewery sludge) have been characterized by 
fractionating the organic content into five parts (by using acids and bases), followed by multiple-technique 
examination of each fraction. The techniques used included chemical analysis, thermal analysis, infrared 
spectrometry and %NMR spectrometry. This approach successfully distinguished between sludge 
compositions. 

Given the ever-increasing production of sludges, be 
they urban or industrial, the problem of their disposal 
has become urgent in the last few years. There are 
numerous studies on this subject,‘-5 and a prerequisite 
is the characterization of the sludge, particularly of its 
organic components6 and not only of the humic 
acids.‘** Such characterization is also necessary for 
correct interpretation of the leaching and sludge-soil 
interaction mechanisms. 

Many techniques have been used for investigating 
the structure and the nature of the organic material 
(humic and fulvic acids) present in soils”6 and on the 
basis of these studies as a starting point we propose 
a scheme for characterization of the organic fraction 
of a sludge. The aim is to develop an analytical 
methodology that can give as much information as 
possible on the composition of the sludge, especially 
the organic components chiefly responsible for the 
release mechanisms of metals, and enable its 
alteration by physical and biological agents to be 
followed. 

EXPERIMENTAL 

Apparatus 

The apparatus consisted of a Kotterman model 3047 
shaking apparatus, a Mettler thermobalance, a Perkin- 
Elmer model 268 infrared spectrophotometer, and model 
240-B elemental analysis apparatus and a Varian XL 300 
NMR spectrometer. 

Materials 

Two sludge samples were obtained from an urban waste 
water treatment plant in East Rome (U) and from the 
production waste treatment process of a brewery near 
Messina, Sicily (E). These materials were first oven-dried at 
100” for 72 hr and then manually ground in a mortar. 

Reagents were of analytical grade from either Carlo Erba 
or Merck. 

Procedures 

The original sludge (U, , B,) was analysed for elemental 
composition, total acidity,” carboxylic groups” and total 
ketonesIs The material also underwent thermogravimetric 
analysis and infrared spectrometry. 

The sample was then fractionated according to the 
scheme (Fig. 1) proposed by Schnitzer’s for soil samples and 
further modified by Stevenson.‘9 The fraction soluble in 
0.1 M hydrochloric acid (U,, B2) was separated from the 
sludge residue by centrifugation. The sludge residue was 
then treated with 0.1 M sodium hydroxide and the basic 
extract, when acidified to pH 2 with 1 M hydrochloric acid, 
yielded a solution (U,, 4) and a precipitate (U,, B4). 
The final fraction was the unextracted residue (U,, B,). 
The solutions produced by the two acid treatments were 
evaporated to obtain solid samples for analysis. All fractions 
underwent the same analyses as the raw sludge. Further- 
more, the A,/A, ratio (ratio of the absorbances at 465 and 
665 nm)m and 13C-NMR spectra were obtained for the U, 
and B4 fractions. 

“C-NMR spectra. Samples for 13C-NMR spectra were 
prepared by dissolving the dried residues in 1 ml of 0.5M 
Hod&m hydroxide. After dispersion in an ultrasonic bath, 
0.5 ml of solution was nlaced in a 5-mm NMR tube to which 
0.5 ml of D,O was a&o added. NMR spectra were run at 
75.0 MHz with WALTZ-16*’ decoupling, a 45” pulse, an 
acquisition time of 0.1 set and a delay time of 0.5 sec. 
Between 45,000 and 60,000 scans were accumulated. 

RESULTS AND DISCUSSION 

Tables l-3 give the results of the elemental, ther- 
mogravimetric and characteristic functional group 
analyses, respectively, and Figs. 2 and 3 show 
the trends of the infrared spectra for the various 
fractions obtained from the two sludges. Figure 4 
presents the “C-NMR spectra for the humic fractions 
extracted. 

Examination of the results shows that useful infor- 
mation on the differences characterizing the two 
samples can be obtained from the thermogravimetric 
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data, which indicate the thermal stability and, there- 
fore, give information on the nature of complex 
organic substances. 22-24 Thermogravimetric studies of 
the decomposition of humic and fulvic acids*’ have 
revealed that the peaks obtained at low temperature 
correspond to the elimination of functional groups, 
while those obtained at high temperature can be 
ascribed to the decomposition of the carbon skeleton. 
Moreover, for coals and peats2”28 the weight loss at 
temperatures below 350” can be attributed to thermal 
degradation of the carbohydrates, decarboxylation of 
acid groups, dehydration of hydroxylated aliphatic 
structures and the formation of alcohols of low 
molecular weight, and in the 350-400” range there 
starts the dissociation and rupture of aromatic struc- 
tures, including those ascribable to humic material. 
Between 420 and 450” polynuclear systems with a 
high molecular weight begin to condense and the 
weight loss in this region is the result of the elimi- 
nation of hydrogen from oxygenated heterocyclic 
groups. Finally, between 500 and 800” all the alicyclic 
carbon structures disappear. 

Sludge (1) 

Residue Solution (2) 

Residue (5) Solution (6) 

HCl,lM 

Residue (4) Solution (3) 

Fig. 1. Scheme for the fractionating procedure. Solution 2: 
HCl-soluble compounds (basic compounds, carbohydrates); 
solution 6: NaOH-soluble compounds (weak acids, fulvic 
and humic acids, complex polysaccharides); solution 3: 
NaOH-extractable and HCl-soluble compounds (e.g., fulvic 
acids); residue 4: NaOH-extractable and HCl-insoluble 
compounds (e.g., humic acids); residue 5: compounds insol- 

uble in O.lM HCl and O.lM NaOH. 

On the basis of the foregoing it is therefore possible 
to hypothesize that aromatic structures are present in 
larger quantities in the raw urban sludge (U,), 
whereas the brewery sludge (B, ) appears to be com- 
posed mainly of simple structures such as carbo- 
hydrates and compounds having a considerable 
number of acid and hydroxyl functions (peak at 263” 
for B, with a weight loss of 45.5% compared with the 
peak at 317” for U, with a loss of 32.5%). Moreover, 
this hypothesis is supported both by the values in 
Table 3 for the total acidity, which is about three 
times greater in B, than in U,, and by the yields 
obtained with O.lM hydrochloric acid (Table l), 
which are higher for B2 (21%) than for lJ2 (17%). 
Furthermore, the presence of carbohydrates in frac- 
tions B, and U, is shown by the infrared spectra in the 
range 1000-1100 cm-‘. The 1030-1040 cm-’ band 
appears in both spectra, although in B, it appears as 
a shoulder with a maximum shifted to 1080 cm-‘. 
This band is attributable29*30 to the CO stretching of 
polysaccharides rather than to Si-0 stretching.” 

The infrared spectra also indicate a greater pres- 
ence of protein nitrogen in U, (1540 cm-’ band), 
contirmed by the higher percentage of elemental 
nitrogen in U, than in B, (Table 1). These differences 
are found to be still greater if the nitrogen balance is 
considered. If the nitrogen contents of the various 
fractions from the brewery sludge are added up, the 
total is about 84% of the nitrogen content of the 
original sludge, whereas this balance is practically 
unchanged in the case of the urban sludge. This 
result, together with the similar loss of total hydro- 
gen, suggests that in the brewery sludge part of the 
nitrogen (N 15%) is present in readily decomposed 
compounds, probably as ammoniacal nitrogen. 

The differences in composition between the two 
sludges are also very clearly shown by the results for 
the acid-soluble B, and U, fractions. First, the H/C 
ratios (Table 1) are much higher than in the original 
sludges, which indicates that the O.lM hydrochloric 
acid extracts mainly organic compounds that have a 
higher degree of saturation. Moreover, this value is 
higher for U,. On the other hand, the B2 fraction 
is richer than U, in nitrogenous compounds and is 
absolutely richer in organic substances, as can be seen 
from the carbon content and the sum of the weight 

Table 1. Analytical data for urban (U) and brewery (B) sludges 

Elemental analysis Atomic ratios 

Yield, % c, % H, % N, % H/C C/N 

Fraction* U B U B U B (I B U B U B 

1 -- 29.4 33.8 4.8 5.1 5.3 5.1 2.0 1.8 6.7 7.7 
2 17.5 21.0 2.9 5.6 0.9 1.5 0.8 1.5 3.8 3.3 4.0 4.3 
3 17.5 17.0 2.6 1.3 0.4 0.2 0.5 0.3 1.8 1.6 5.5 4.8 
4 2.5 1.5 1.4 0.8 0.2 0.1 0.2 0.1 1.7 1.7 7.1 9.0 
5 72.0 52.0 21.7 17.1 3.5 2.6 3.7 2.4 1.9 1.8 7.1 9.0 

Total 
(2-5) 109.5 99.5 28.6 24.8 5.0 4.4 5.2 4.3 - - - - 

*l, Original sludge; 2, HCl-soluble; 3, NaOH extract, HCl-soluble; 4, NaOH extract, acid-insolu- 
ble; 5, residue. 
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Table 2. Peak temperatures (PT) and weight losses (WL) from DTG 
thermograms of urban (U) and brewery (B) sludge fractions (for 

designations see footnote to Table 1) 

Fractions DTG data Ash, % 

u, 
Bl 

u2 

B, 
LJ3 
B, 
LJ, 
B* 

150-400” range 400-650” range 

PT, WL, PT, WL, 
“C % “C % - - - 
317 32.5 518 30.1 35.6 
263 45.7 540 30.0 - 

100470” range 470650” range 

m, WL, P-r, WL, 
“C % “C % ~ - 
133 31.9 
390 19.3 545 21.4 27.5 
270 53.5 558 31.9 12.7 

122, 200 40.2 650 25.0 35.0 
205, 360, 450 20.2 570 10.7 68.6 
237, 370, 398 79.7 540 20.6 1.8 
240, 290, 380 59.4 670 34.2 3.5 

150400” range 4oo-650” range 

PT, WL, PT, WL, 
“C % “C % 

- ~ 
312 31.4 501 25.8 42.1 
290 40.2 532 35.3 22.0 

Table 3. Functional groups and Ed/E6 ratios* for urban (U) 
and brewery (B) sludge fractions 

Total Total 
acidity, CGGH, c--o, 

Fraction meq lg meqlg meq lg &I& 

u, 5.0 1.1 2.1 
B, 16.9 1.6 0.9 
U, 9.0 3.7 2.4 
B* 7.2 3.6 2.5 
Uj 10.3 2.9 2.5 
Bl 6.5 1.7 3.5 
U, 9.1 2.2 1.6 3.2 
B4 11.9 2.1 3.7 5.0 
r/, 0.8 0.6 1.2 
B, 8.9 0.5 1.6 

*The Ed/E6 ratio is the ratio of the absorbance at 465 nm 
to that at 665 nm, and is taken as indicating the humic 
acid/fulvic acid ratio. 

losses calculated from the thermograms, totalling 
179 mg (per g of original sludge) for B2 against 
127 mg/g for U, The thermograms also indicate that 
the organic components in U, and Bz are structurally 
different, having markedly different initial peak 
temperatures 

The infrared spectra (Figs. 2 and 3) which show 
that the 1030 cm-r band already observable in 
the starting sludge is present in both U, and B,, 

confirm the presence of water-soluble free carbo- 
hydrates. This signal is more marked in B, than 
in B,, while that at 1080 cm-’ has been greatly 
attenuated. The infrared spectrum of B2 also 
shows a greater presence of carboxylic functions 
(1710 cm-’ for the COOH group) and of alcoholic 
and phenolic functions (3220, 1400, 1130 cm-‘) 
than in U,. 

The acid-soluble compounds extractable by 
sodium hydroxide (fraction 3) continue, like fraction 
2, to show the compositional differences of the two 
original samples. Fractions U, and B3 have much 
lower carbon, hydrogen and nitrogen contents than 
U, and B2, but this difference is much more marked 
for B,, which suggests once again a substantial initial 
difference in the composition of the two sludges. For 
U, the infrared spectra reveal a more intense peptide 
nitrogen band (1540 cm-’ C-N stretching of the 
protein amide II) and at the same time apparently 
show that B, has a greater carboxylic acid content 
than U,: the bands attributable to COOH (1710 cn-’ 
for the C-G stretching and 2600 cm-r for hydrogen- 
bonded COOH dimers), like those relating to the 
alcohol and phenol groups (1170 cm-’ for C-O 
stretching), are much more intense. However, this 
deduction is not confirmed by the total and car- 
boxylic acidity (Table 3) determined by chemical 
means. In our opinion the information deducible 
from the spectroscopic signals does not permit a 
quantitative interpretation, because of the possible 
alterations induced in the signals by the numerous 
functions present in such a complex matrix. This 
hypothesis is supported by a comparison of the 
signals relating to the same function (1710 cm-‘) in 
fractions U, and B2, where, for the same carboxylic 
acidity, the peak is detectable in one case (B2) and 
almost totally absent in the other (U,), although the 
absorbance at that wavelength is greater than in U, 

and B,. 

As regards the acid-insoluble fraction extractable 
with alkali (U, and B.,), it can be seen that the 
extraction yield is the lowest and is practically the 
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Fig. 2. Infrared spectra of different fractions of urban sludge. Fraction numbers as in Fig. 1. 
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Fig. 3. Infrared spectra of different fractions of brewery sludge. Fraction numbers as in Fig. 1. 
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31.8 

i 

27.6 
l-25.3 

21.5 

177.8 
132.0 

wm 
Fig. 4. “C-NMR spectra of fractions U, and B,,. 

same for the two samples. In the case of other urban 
sludges the yield of this fraction is very variable, 
depending on their source. 

An examination of the thermogravimetric results 
(Table 2) shows that the loss temperatures are almost 
the same in the range 100-470”; both fractions have 
characteristic loss peaks at about 240” and 380”. The 
weight loss in this temperature range is greater for U,, 
but above 500” the loss is more considerable for B4, 

with a maximum at 670”. This loss peak, like the one 
observable for fraction U, , could be due to polycon- 
densation reactions occurring during the treatment 
with sodium hydroxide. 32 As with B2, B., shows a 
greater weight loss at temperatures above 500” than 
does the corresponding urban sludge fraction (U,). 

Other differences between the compositions of the 
two fractions can also be noted in the spectroscopic 
data. The 13C-NMR spectra (Fig. 4) show that in 
fraction B4 there are carbohydrate peaks (72, 75, 89.8 
and 105.9 ppm)33 that are completely absent in frac- 
tion U,. These compounds could be complex poly- 
saccharides which, although dissolved by the sodium 
hydroxide, co-precipitate afterwards with the humic 
material in an acid environment.34 The aromatic 
component is substantially similar in the two frac- 
tions, although the peak at 139.7 ppm is more marked 
for B4. The more complex resonance at around 20 
ppm for B4 is attributable to polymethylene chains.35 

Moreover, a greater content of unbranched aliphatic 
compounds is confirmed both by the infrared spectra 
(B4 has a greater absorption by the CH2 and CH, 
groups at 2920 and 2860 cm-‘) and by the E4/E6 
ratios20,36 

Finally, the residual fractions (U, and B,) show a 
similar thermogravimetric trend to that of the start- 
ing sludges in both the ranges considered: 150-400 
and 4OtS650”. The loss temperatures do not differ 
substantially, except for the loss peak at 263” for B, , 
which shifts to 290” for B5. In contrast, the infrared 
spectra show some differences. Residue B5 has 
characteristics very similar to those of the starting 
sludge (B,), as it keeps the strong absorption at 1090 
cm-’ while the shoulder around 1030 cm-‘, which 
can be clearly seen for B2 and B,, disappears. This 
result, together with the presence of carbohydrates 
shown in fraction B4, would appear to confirm the 
presence of a considerable quantity of complex 
carbohydrates in the starting sludge, which are only 
partially solubilized by treatment with alkali. For a 
complete extraction multiple treatments are neces- 
sary.” The aliphatic component (2920 and 2860 
cm-‘) is again clearly distinguishable in B,. 

A greater difference from the starting sludge is 
seen in the infrared spectrum of U,, where the CH, 
and CH, bands at 2920 and 2860 cm-’ have com- 
pletely disappeared, as well as the high absorption at 
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1030 cm-’ attributable to the presence of polysaccha- 
rides, which in the brewery sludge are associated with 
complex organic material and are therefore much less 
soluble. In both U, and B, a decrease of the band at 
1540 cm-’ due to protein nitrogen is evident. 

From the analysis of all the data above there 
emerges a marked differentiation between the two 
sludges, which can be summarized as follows: 

-different degrees of saturation (U, , B,); 
-for the same nitrogen content U, has a higher N/C 
ratio (greater protein content); 
-different distributions of nitrogen: in the brewery 
sludge there is a labile nitrogen fraction (amine or 
ammonia nitrogen); 
-different acid-base characteristics; 
-different degrees of humification; 
-different availability of the polysaccharidic 
material; 
-different ash contents. 

CONCLUSIONS 

This methodological approach to the study of a 
sludge provides a useful, though perhaps over- 
simplified, characterization. The convenient fraction- 
ation and the combined use of chemical and physical 
methods seem, in our opinion, to provide the only 
way of showing both structural and compositional 
differences in such complex matrices. The frac- 
tionation leads to a simplification of the matrix that 
is indispensable for revealing the presence of com- 
ponents that otherwise cannot easily be identified. 
The results emphasize that it is not possible to 
disprove the presence of certain functional groups by 
means of spectroscopic data alone, nor in all cases to 
interpret signals quantitatively. 

Besides the characterization of the sample and the 
differentiation of samples from different origins, the 
method suggested is, in our opinion, extremely useful 
for studying the changes that the organic substances 
in the sludge undergo with time (maturation, action 
of atmospheric agents, etc.). 
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Summary-An ICP-AES method for determination of rare-earth elements (REE) and yttrium at trace 
levels in silicate rocks is described. The method involves decomposition of the rock sample by heating 
with a mixture of hydrofluoric and perchloric acid, followed by precipitation of the REE and Y as oxalates, 
with calcium as carrier. The oxalate precipitate is ignited to the oxide, which is then dissolved in dilute 
nitric acid and the solution is used for ICP-AES measurements, with use of pure REE solutions as 
calibration standards. The method has been applied to the determination of REE in a number of standard 
reference materials and the results have been compared with the reported values. Three other silicate rock 
samples have also been analysed for REE and Y by this method. 

The importance of data on rare-earth elements (REE) 
for geochemical studies is well recognized.’ For many 
years, only two analytical techniques, namely neutron 
activation analysis (NAA) and isotope dilution mass 
spectrometry (IDMS), were available for the determi- 
nation of REE at chondritic abundance levels in 
rocks and minerals, but use of these techniques 
remained confined to a few well-established laborato- 
ries, mainly because of the cost of the equipment and 
the expertise needed to use it. The advent of induc- 
tively-coupled plasma atomic-emission spectrometry 
(ICP-AES) opened a new era in rare-earth analysis 
and a number of investigations on REE determina- 
tions by ICP-AES have been reported.24 Like other 
spectroscopic methods ICP-AES sometimes needs a 
chemical separation and enrichment step to achieve 
the required detection limits and elimination of inter- 
ferences. The preconcentration methods generally 
used are all based on ion-exchange chromatography, 
but none is free from limitations. 

Separation of the REE as a group from the associ- 
ated elements by oxalate precipitation has been 
known for a long time, but its application to the 
determination of REE at trace levels has not been 
properly studied. Carron et a1.j have observed that 
the lighter REE may be quantitatively precipitated as 
oxalates if a precipitation from homogeneous solu- 
tion is employed, with calcium as a carrier. They also 
remarked that the precipitation of the heavier REE is 
not quantitative under their experimental conditions. 
Separation of the REE from the calcium used as 
carrier was also a problem at that time and this was 
a cause of major concern in the final measurement by 
any spectroscopic method. Thus there has been very 
little work on the improvement or refinement of the 

oxalate precipitation method in order to make it 
applicable for REE determination at trace levels. We 
have observed that the REE, including the heavier 
ones, may be quantitatively precipitated as the ox- 
alates with calcium as carrier and that calcium does 
not cause any appreciable spectral interference in 
ICP-AES measurements of REE and yttrium. These 
observations prompted us to re-examine the appli- 
cability of oxalate precipitation for the determination 
of REE at trace levels by ICP-AES, and we present 
the results here. The method is very simple and 
relatively free from interferences, and permits deter- 
mination of the REE and yttrium at pg/g levels 
in silicate rocks, with reasonable precision and 
accuracy. 

EXPERIMENTAL 

Reagents 

Rare-earth element and yttrium standard solutions (100 
p&ml) were prepared by dissolving the corresponding ox- 
ides (“Specpure”, Johnson Matthey) in dilute nitric acid. In 
the case of cerium, the oxide was brought into solution after 
fusion with potassium pyrosulphate in a silica crucible. 
Further dilutions were made as required, just before use. 
The rare-earth elements studied were lanthanum, cerium, 
praseodymium, neodymium, samarium, europium, gadolin- 
ium, terbium, dysprosium, holmium, erbium, thulium, ytter- 
bium and lutetium. The calcium solution (10.0 mg/ml) was 
prepared by dissolving calcium carbonate (guaranteed 
reagent grade, Merck) in dilute hydrochloric acid. All other 
chemicals used were of guaranteed reagent quality. 

Instrument 

A Jobin Yvon model JY-38 sequential type ICP-AES 
instrument was used, under the operating conditions listed 
in Table 1. Calibrations were done with REE and yttrium 
working standard solutions prepared by serial dilution of 
the stock standard solutions. 
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Table I. Instrument and working conditions 

ICP-AES instrument Jobin Yvon JY 38, sequential, C-T 
scanning monochromator, holo- 
graphic grating, 3600 grooves/mm, 
1.0-m focal length 

RF generator 56 MHz, 2 kW working power 
Plasma torch Quartz, 28 mm outer diameter 
Gas flow Plasma gas 20 I./min 

Cooling gas 0.4 I./min 
Carrier gas 0.35 l./min 

Nebulizer Pneumatic 
Sample uptake 1 ml/min 
Observation height 14 mm above load coil 
Flush/integration time 10 set each 

Studies on the effect of calcium on REE and Y measurement: 

Various amounts of calcium ranging from 1 to 100 mg 
were mixed with a fixed amount of REE and Y (200 fig 
each) and the solutions were diluted to 20 ml. ICP-AES 
measurements for the individual REE and Y were made 
with use of pure REE and Y solutions (concentrations 
ranging from 1 to 10 pg/ml) for instrument calibration. It 
was observed from the results (Table 2) that calcium has 
practically no interfering effect on the measurement of REE 
and Y by this method. 

Recommended procedure 

A finely powdered rock sample (1 g) is weighed into a 
Teflon beaker and treated with concentrated hydrofluoric 
acid (10 ml) and concentrated perchloric acid (3 ml). The 
mixture is heated on a hot-plate until fumes of perchloric 
acid are evolved. After cooling, the residue is treated with 
concentrated hydrofluoric acid (5 ml) and concentrated 
perchloric acid (3 ml) and again heated to dryness. The dried 
mass is dissolved by warming with 15 ml of hydrochloric 
acid (1 + 1). 

Normally a clear solution is obtained by this treatment. 
In the case of samples containing appreciable amounts of 
refractory materials, there may be a small residue. In such 
cases, the solution is filtered and the residue is fused with a 
small quantity of sodium carbonate in a platinum crucible, 
and the cooled melt is dissolved in dilute hydrochloric acid 
and added to the main solution. The clear solution thus 
obtained is transferred to a 250-m] beaker and diluted to 
about 100 ml. Five ml of the 10 mg/ml calcium solution are 
added and the solution is treated with ammonia solution 
drop by drop until there is a partial precipitation of the 
mixed-oxide group elements @H 34). Then 2 or 3 drops of 

Table 2. Calcium interference in REE and Y measurements: REE . ._ . 

concentrated hydrochloric acid are added to dissolve the 
precipitate. The solution is then heated to boiling and 10 ml 
of 10% oxalic acid solution are added, with vigorous 
stirring. The precipitate formed is allowed to stand for 2 hr 
at room temperature and is then filtered off, and washed 
twice with 0.1% oxalic acid solution. The paper and precipi- 
tate are transferred to a silica crucible, and ignited at 900 
in a muffle furnace. The residue, after cooling, is dissolved 
in 10 ml of nitric acid (1 + 1) and diluted to volume in a 
25ml standard flask. This solution is used for the ICP-AES 
measurements. 

The analytical line peaks for each element are first located 
by aspirating pure solutions of the elements. Measurements 
are then made for each element by aspirating the calibration 
solutions (0, 0.1, 1 and 10 pg/ml), the process blank and the 
test solutions. Instrument readings for the process blank are 
used for background correction of the test solution readings, 
and the instrument readings for the zero calibration solution 
are used for background correction of the calibration 
solution readings. All these operations are performed auto- 
matically by means of a computer program. 

RESULTS AND DISCUSSIONS 

The proposed precipitation method permits quan- 
titative recovery of REE and Y at microgram levels 
from complex silicate matrices. Since the precipi- 
tation is done in an acidic solution, calcium is only 
partly precipitated and hence a sufficient amount of 
calcium (at least 50 mg) should be present to give 
enough precipitate to collect all the REE and Y. 
A few other elements, such as barium, strontium, 
thorium and zirconium are also precipitated and find 
their way into the final solution used for the 
ICP-AES measurements. Fortunately, the concentra- 
tion of these elements in common silicate rocks is 
quite low and they do not cause any spectral inter- 
ference in the REE measurements. Recovery studies 
on a synthetic mixture containing REE (10 pg of 
each) and foreign elements (Fe, Al, Ca, Mg, Ba and 
Sr as nitrates, 50 mg each) showed recoveries greater 
than 95% for all the REE and Y. 

Mutual spectral interferences between the REE 
have been studied in detail by Roelandts and Miche14 

taken IO pg/ml each 

REE found after addition of Ca 
Wavelength, 

Element nm none 10 mg Ca 50 mg Ca 100 mg Ca 

La 398.852 10.1 10.1 10.0 10.1 
Ce 418.660 9.7 10.0 9.9 10.2 
Pr 414.311 10.0 10.0 10.1 10.1 
Nd 430.358 9.9 10.1 10.1 10.0 
Sm 359.260 10.0 10.0 10.2 9.9 
Eu 381.967 9.8 9.9 10.0 10.0 
Gd 342.247 10.1 10.0 10.0 10.1 
Tb 350.917 10.0 10.1 10.2 10.2 
DY 353.170 9.9 10.0 9.8 9.9 
Ho 345.600 9.9 9.9 10.1 10.2 
Er 369.265 10.0 9.9 9.8 10.1 

Tm 313.126 10.0 10.0 9.9 10.0 
Yb 328.937 10.0 10.1 10.1 10.1 
LU 261.542 9.9 9.9 10.0 9.9 
Y 37 1.029 10.0 10.1 10.0 10.0 
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Table 3. Determination of REE in standard reference materials (all values in p&g) 

Rhyolite, JR-l Rhyolite, JR-2 Andesite, JA- 1 Gabbro, JGb-1 

Present Present Present Present 
Element method Ando et aLa method Ando et al? method Ando et al? method Ando et al.’ 

La 21.9 21 19.1 17.5 7.1 5.5 5.1 3.95 
Ce 46.3 49 35.5 38 12.0 13.2 8.8 8 
Pr 5.7 6.1 6.1 5.5 1.5 1.5 1.2 1.1 
Nd 23.8 25.5 23.7 24.8 12.2 11 7.1 5.7 
Sm 6.5 6.2 6.2 6.2 4.0 3.6 1.9 1.5 
EU 0.34 0.31 0.23 0.13 1.1 1.2 0.65 0.61 
Gd 5.1 4.8 6.8 7.8 4.2 4.6 1.7 1.5 
Tb 1.4 1.1 1.2 1.2 0.79 0.77 0.28 0.30 
DY 5.8 6.2 6.9 7.7 4.2 4.9 1.4 1.4 
Ho 1.2 1.1 1.9 1.7 0.93 0.89 0.41 0.32 
Er 3.6 3.9 4.7 5.2 2.7 3.2 1.1 0.91 
Tm 0.75 0.73 0.80 0.86 0.50 0.51 0.22 0.17 
Yb 4.2 4.6 5.2 5.4 2.8 2.9 0.98 1.0 
LU 0.63 0.68 0.87 0.92 0.47 0.46 0.14 0.16 
Y 43.2 46 48.8 51 33.2 31.4 9.6 11 

Table 4. Determination of REE in silicate rocks (mean *95% confidence limit, 5 determinations 
from 5 subsamples, fig(g) 

Element 

La 
Ce 
Pr 
Nd 
Sm 

2 
Tb 
DY 
Ho 
Er 

Tm 
Yb 
Lu 
Y 

Granite- 1 
(Purulia, W. Bengal) 

29.5 & 2.2 
51.7 + 3.8 
4.8 f 0.36 

23.9 + 1.3 
4.8 f 0.45 

3.4 1.3 + f 0.08 0.25 
0.60 k 0.05 

2.8 f 0.20 
0.62 f 0.05 

1.7 f 0.13 
0.24 f 0.07 

1.6 f 0.09 
- 

14.7 f 0.87 

Granite-2 
(Singhbhum, Bihar) 

56.8 + 3.8 
88.9 &- 6.1 
8.3 f 0.58 

38.8 k 2.7 
9.1 + 0.75 

5.4 1.4kO.11 + 0.42 
1 .O + 0.08 
4.5 + 0.37 

0.86 + 0.06 
2.7 + 0.21 

0.35 + 0.09 
2.5 + 0.15 

0.40 + 0.08 
29.4 f 2.1 

Basalt-l 
(Barren Island, Andaman) 

10.2 + 0.96 
14.1 * 1.0 
2.3 k 0.32 

10.9 f 0.88 
3.1 + 0.29 

3.7 1.1 *0.09 &- 0.28 
0.64 k 0.05 

3.5 f 0.31 
0.71 + 0.05 

1.8 k 0.14 
0.28 + 0.08 

2.1 +0.14 
0.32 f 0.07 
22.8 + 1.7 

and our observations are similar to theirs. Measure- 
ments, of single-element standards containing 5 
pg/ml of the REE of interest and 50 pg/ml of another 

I\ Gmnite-2 

SLI”“““““” La co R Nd Sm Eu Gd Tb Dy Ha Er Tm yb Lu 

Fig. 1. Chondrite-normalized abundances of REE in three 
silicate rocks. 

REE, at the analytical wavelengths used by us have 
shown that the inter-REE spectral interferences are 
negligible except in the case of terbium (interference 
by Sm and Ho) and samarium (interference by Nd 
and Gd). Hence we had to use a second set of 
measurements for terbium and samarium, with cali- 
bration solutions containing these interferents in 
approximately the same proportions as in the sample. 
No mathematical correction has been employed by us 
for any of the REE. We did not observe any spectral 
interference from calcium, though such interference 
has been reported by others.6 This is probably due to 
the fact that spectral interferences are largely depen- 
dent on the efficiency of the instrument optics and 
may vary from instrument to instrument. 

The proposed method has been applied to the 
determination of REE and Y in four standard refer- 
ence materials and the results have been compared 
with the reported values (Table 3). Three other 
silicate rocks have also been analysed for REE and Y 
by this method and the results are shown in Table 4. 
The results show reasonably good precision and 
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Table 5. REE detection limits by ICP-AES (all values in pg/g and based on 1 g of sample dissolved 
and diluted to 25 ml volume) 

Element 

Chondrite 
normalizing 

values 

La 0.310 
Ce 0.808 
Pr 0.122 
Nd 0.600 
Sm 0.195 
EU 0.0735 

Detection limits 

Crock et al.” 

0.11 (398.8 nm) 
0.77 (418.6 nm) 
1.60 (422.2 nm) 
0.55 (430.3 nm) 
0.75 (442.2 nm) 
0.022 (381.9 nm) 

Roelandts et al.4 

0.105 (398.8 nm) 
0.190 (418.6 nm) 
0.240 (390.8 nm) 
0.255 (430.3 nm) 
0.150 (359.2 nm) 
0.018 (381.9 nm) 

Present method 

0.16 (398.8 nm) 
0.62 (418.6 nm) 
0.32 (414.3 nm) 
0.35 (430.3 nm) 
0.17 (359.2 nm) 
0.053 (381.9 nm) 

Gd 0.259 0.45 (303.2 nm) 0.063 (342.2 nm) 0.042 (342.2 nmj 
Tb 0.0474 0.145 (367.6 nm) 0.138 (350.9 nm) 0.16 (350.9 nm) 
DY 0.322 0.625 (340.7 nm) 0.045 (353.1 nm) 0.036 (353.1 nm) 
Ho 0.0718 0.09 (345.6 nm) 0.045 (345.6 nm) 0.077 (345.6 nm) 
Er 0.210 0.20 (369.2 nm) 0.068 (369.2 nm) 0.11 (369.2 nm) 

Tm 0.0324 0.13 (313.1 nm) 0.050 (313.1 nm) 0.064 (313.1 nm) 
Yb 0.209 0.055 (328.9 nm) 0.025 (328.9 nm) 0.020 (328.9 nm) 
Lu 0.0322 0.025 (261.5 nm) 0.330 (261.5 nm) 0.042 (261.5 nm) 
Y 0.045 (321.6 nm) - 0.057 (371.0 nm) 

*The published values, based on a l-g sample in a solution volume of 5 ml, have been multiplied by 
5 to make them comparable with the other results, which are based on 1 g in a solution volume 
of 25 ml. 

accuracy. Replicate analysis (n = 5) of these three 
rock samples gave RSD values ranging from 6 to 
14%. 

The quality of analytical results for REE is often 
evaluated by use of so-called chondrite-normalized 
distribution. We have used the average chondrite 
REE values from Henderson,’ and the normalized 
curves obtained by us (Fig. 1) show almost smooth 
curves for these three rocks, except for a small 
negative europium anomaly for granite-2. The ter- 
bium values for granite-l and granite-2 appear to be 
slightly on the high side because the terbium concen- 
tration in these samples is very low, near the detection 
limit, where analytical error is very high. 

The detection limits (based on two standard devia- 
tions of the blank) obtainable by the present method 
are of the same order of magnitude as those obtained 
by the ion-exchange ICP-AES methods (Table 5). 
Though our detection limits are slightly on the high 
side compared with those obtained by Roelands and 
Miche14, they are quite adequate for determination of 
most of the REE at their chondritic abundance levels. 

When our work was completed, we came across a 
very recent publication’ describing REE determi- 
nations made by ICP-AES after chemical separation 
by oxalate precipitation followed by ion-exchange. 
The paper pointed out the inadequacies of the exist- 
ing cation-exchange methods for separation of REE 
from concomitant elements and concluded that a 
two-stage separation employing both oxalate precip- 
itation and cation-exchange is necessary for accurate 
results to be obtained. However, these authors did 

not attempt direct ICP-AES measurements of the 
solution of the oxalate precipitate, as is done by us; 
the precipitation conditions used were also different 
from ours. 

The method proposed by us is much simpler and 
more rapid than the existing methods for REE deter- 
mination and can be applied to the determination of 
REE and Y at pg/g levels in varied types of silicate 
rocks with good precision and accuracy. 
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Sumn~nry-A review on the use of fluorescence polarization in immunoassay procedures is presented. Only 
the determination of low molecular-weight substances, such as therapeutic agents, drugs of abuse and 
hormones is considered because the measured change in fluorescence polarization depends on the 
molecular size of the analyte. The study emphasizes and appraises the analytical features of the methods 
so far proposed. 

Immunological methods are now used routinely be- 
cause of their specificity, sensitivity and applicability. 
They are being continually developed and used as 
analytical techniques in basic science as well as in the 
clinical laboratory. As is widely known, these meth- 
ods are based on the antigen-antibody reaction, 
which is the first step in one of the major pathways 
whereby the immune system of the body detects and 
eliminates foreign matter. 

The two general types of immunoassay methods 
may be classified as homogeneous and heteroge- 
neous. Homogeneous assays are based on the fact 
that the measured property of the labelled molecule 
changes as this is bound to an appropriate antibody, 
and bound molecules can be distinguished from 
unbound molecules without a separation step. This 
facilitates automation. Heterogeneous assays, in con- 
trast, require separation of free and bound species, 
which is a major disadvantage, especially with regard 
to automation. 

Heterogeneous assays normally involve the use of 
radioisotopes, which requires special facilities, expen- 
sive scintillation counting equipment, and reagents 
with short half-lives. However, the success of 
radioimmunoassay (RIA) stems from its low detec- 
tion limits and the elimination of the background 
interference encountered in the separation step. 

To overcome the shortcomings of radiolabelled 
reagents, alternative immunoassay methods have 
been developed’ in which enzymes’ or fluorescent 
molecules3 are used as labels. RIA methods are 
always heterogeneous, but non-isotopic immuno- 
logical methods can be classified as heterogeneous 
(requiring separation) or homogeneous (separation- 
free) assays. This type of assay is characterized in 
enzyme immunoassay (EIA), where the two most 
commonly used techniques are ELISA (enzyme- 
linked immunosorbent assay, heterogeneous) and 

*Not to be confused with flow-injection analysis, for which 
the same acronym is commonly used. 

EMIT (enzyme-multiplied immunoassay technique, 
homogeneous). 

In fluorescence immunoassay (FIA),* the spectral 
characteristics of the fluorescent labels are monitored 
as a function of the immunoreactions between the 
antigen and the antibody. If the spectroscopic differ- 
entiation between bound and free labelled ligand 
(antigen or antibody) is sufficient, a homogeneous 
assay can be performed. Otherwise, a chemical sepa- 
ration (heterogeneous assay) is required. Separation 
methods used in heterogeneous FIA are based on the 
chemical or immunochemical differences between the 
free and bound fractions. Solid-phase separations are 
normally used in these assays because the easily 
washable solid surfaces facilitate complete separ- 
ation, while avoiding the endogenous background 
fluorescence from the sample matrix, which is usually 
a serum sample. Although various heterogeneous 
FIA methods have been proposed, research and 
development in FIA have been mainly focused on 
homogeneous assays to implement the use of non- 
isotopic labels (the main advantage of FIA over RIA) 
and to develop reliable and straightforward direct 
determinations. 

A large variety of homogeneous FIA methods has 
been reported. Almost all of them are competitive 
assays in which the antibody binding causes some 
change in the fluorescent properties of the labelled 
antigen (tracer). So far, these methods have been 
limited to applications such as drug monitoring and 
serological assays, for which most of the commercial 
FIA methods, which involve instrumentation and 
kits, have been developed. Similarly, instrumentation 
developments have been concerned mainly with 
adaptation and automation of special techniques 
such as fluorescence polarization and time-resolved 
fluorescence. However, the advances in homogeneous 
FIA have fostered its application in many other 
areas such as food, environmental and industrial 
analysis, where immunoassay techniques are gaining 
acceptance. 
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Of the various homogeneous FIA techniques, the 
one based on the measurement of fluorescence polar- 
ization is extensively used. In 1981, Spencer4 reviewed 
the applications of this technique to clinical analysis. 
Numerous immunoassay methods based on this ap- 
proach have been described since then, but no sys- 
tematic study has so far been reported. This paper 
presents a critical review of the use of fluorescence 
polarization in immunoassay methods and deals with 
its basis, instrumentation and applications. 

FLUORESCENCE POLARIZATION 
IMMUNOASSAY (FPIA) 

Principles 

The principles of fluorescence polarization have 
been known since the 1920s.5 Somewhat later, Weber6 
developed the instrumentation required for the appli- 
cation of this technique. The theory of polarization is 
well documented in the literature,“* so only a brief 
description of the technique will be given here. 

It involves the use of plane-polarized light (pro- 
duced by a polarizing filter-the excitation polar- 
izer-between the light-source and the sample) to 
excite molecules having an appreciable absorption 
oscillator component in the plane of the electrical 
vector of the exciting beam. The emission of polarized 
radiation from these molecules will mainly depend on 
the lifetime of the excited state compared with the 
time required for rotational (Brownian) motion, and 
environmental variables such as viscosity and temper- 
ature. When substances with a small molecular 
volume are excited by polarized light the molecules 
will have a rotation time that is much shorter than the 
fluorescence decay time and are thus in a completely 
random state before fluorescing, so little polarized 
fluorescence is displayed. However, molecules with 
very large molecular volumes rotate at a rate com- 
parable to or slower than the rate at which their 
fluorescence decays, so the fluorescence will be 
partially polarized. Environmental factors must be 
strictly controlled in polarization measurements be- 
cause any viscosity decrease or temperature increase 
favours Brownian motion and hence will decrease the 
polarized fluorescence. 

Although fluorescence polarization has been 
widely used, its main current use is in immunoassay, 
because of its suitability for homogeneous determi- 
nations. Fluorescence polarization immunoassay 
(FPIA) was first developed by Dandliker et ~l.,~ who 
had previously reported extensive fundamental stud- 
ies on the antigen-antibody reaction.‘“13 This tech- 
nique is based on the difference in molecular volume 
of a small fluorescent-labelled antigen or hapten 
(tracer) when it is free and when it is bound to a large 
antibody (Fig. 1). The polarized fluorescence emitted 
by the free tracer is low because of the small 
molecular volume and fast rotational motion, while 
that emitted by the antibody-bound labelled antigen 
is high as a result of the increase in molecular volume 

w 
F-Ag Ab 

Fig. 1. Scheme of the reaction between the antibody (Ab) 
and the free (Ag) and labelled (F-Ag) antigen. F-Ag: tracer 
formed between a fluorescent label (F) and the antigen. The 
formation of the F-Ag-Ab complex results in an increase in 
molecular size with a concomitant increase in the fluores- 

cence polarization. 

and the decrease in Brownian motion. Thus, when a 
second polarizing filter (emission polarizer) is placed 
between the sample and the detector the fluorescence 
intensity obtained will depend on the relative position 
of the optical axes of the excitation and emission 
polarizers. If these are at right angles, the polarized 
fluorescence from the antibody-bound tracer will be 
filtered to a much greater extent than the unpolarized 
fluorescence of the free tracer. If they are parallel, the 
detector receives more radiation from the complex 
than from the free tracer. The degree of polarization 
is calculated from the expression 

P = (I,, - zd/(r,, + I*) 

where Z,, and I1 are the fluorescence intensities mea- 
sured with the two polarizers parallel and perpen- 
dicular to each other, respectively. The value of p for 
the free tracer is close to zero because Z,, = IL, whereas 
for a mixture of bound and free tracer the degree of 
polarization depends on the extent of binding of the 
tracer, which allows analysis of unresolved mixtures. 

Features 

The FPIA technique is often (but not always) 
simple, rapid and precise. It combines the speed and 
convenience of a homogeneous method with the 
specificity of an immunoassay. Also, the problems 
often associated with use of chromatography, en- 
zymes, radioactivity or phase separation are avoided. 
The technique is particularly suitable for the assay of 
low molecular-weight antigens such as haptens, be- 
cause the change in rotational motion of a high 
molecular-weight antigen on binding to an antibody 
is much less than that observed with small labelled 
molecules. The change in the fluorescence polariza- 
tion depends on the molecular weight of the antigen 
or hapten and on the nature of the complex formed 
with the antibody. 

The calibration graphs obtained with FPIA 
methods have two salient features. First, their slopes 
are negative because the tracer competes with the 
unlabelled analyte for antibody binding sites, and the 
degree of tracer binding and hence the fluorescence 
polarization is inversely related to the concentration 
of unlabelled analyte. Secondly, as with other com- 
petitive binding immunoassays, a non-linear convex 
relationship is obtained between relative fluorescence 
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intensity and analyte concentration. This gives rise 
to a somewhat narrow dynamic range, with small 
measurement errors producing larger errors in the 
results for higher concentrations. 

The main problem in application of FPIA to 
biological samples, especially serum samples which 
are the most commonly used in immunoassays, is its 
sensitivity, which is limited by two factors: the fluores- 
cence background of the samples and the non-specific 
binding of the tracer to serum proteins. The back- 
ground signal is caused partly by scattered light and 
partly by the intrinsic fluorescence. Scattered light 
causes considerable interference and solutions con- 
taining proteins and other macromolecules scatter 
much more light than do solutions of species with low 
molecular weights. Thus, lipaemic serum may yield a 
light-scattering blank signal. Also, fluorescent sub- 
stances used as labels and having small Stokes shifts, 
such as fluorescein (maximum excitation and emis- 
sion wavelengths 495 and 520 run, respectively), are 
particularly vulnerable to scattered-light interference. 
Serum samples have a very high background fluor- 
escence owing to the presence of fluorescent com- 
pounds such as NADH and bilirubin. Bilirubin is 
unstable in aqueous solutions and shows little or no 
fluorescence, but in the normal circulation it is bound 
almost entirely to a high-affinity site on albumin, 
which stabilizes the molecule and enhances its fluores- 
cence. Its excitation and emission maxima appear at 
about 460 and 520 nm, respectively, and completely 
overlap those for fluorescein. This implies that, at low 
analyte concentrations, the fluorescence signal from 
the sample might exceed that of the labelled reagent, 
especially in the case of icteric samples. Also, serum 
samples from patients with impaired kidney function 
may show elevated fluorescence, which is generally of 
the same magnitude as that due to elevated bilirubin, 
but in this case the fluorophores responsible are 
unknown. 

From a practical viewpoint, there are two ways to 
eliminate the inherent fluorescence background of 
serum. The first involves pretreating the serum with 
proteolytic enzymes and oxidizing or denaturing 
reagents such as per-acids,14 but the applicability of 
this method is limited by the stability of the analyte 
under these conditions, so it is not often used in 
FPIA. The alternative involves the use of fluorescent 
labelling reagents with longer excitation and emission 
wavelengths than those of the background, and with 
a wide Stokes shift to avoid light scattering. When 
this is not feasible, it is necessary to subtract the 
blank to compensate for the fluorescence background 
of serum samples. Many filter combinations that 
effectively block scattered light are also commercially 
available. 

Albumin is probably the chief agent responsible for 
the non-specific binding of the tracer to serum 
proteins. It has versatile ligand properties and shows 
affinity for many anionic dyes, such as fluorescein. 
This binding increases the fluorescence polarization. 

It has been reportedis that the non-specific binding of 
the tracer to serum proteins is strongly dependent on 
the structure of the tracer and is more a function of 
the antigen or hapten than of fluorescein. Thus, 
tracers must be selected for their low binding to 
serum proteins and the residual serum binding must 
be completely eliminated by the use of competitive 
inhibitors. 

Fluorescein, which has a high fluorescence 
efficiency and a quantum yield approaching unity, is 
the main fluorescent labelling reagent used in FPIA. 
In addition, it is chemically stable and insignificantly 
photolabile under normal fluorimetric conditions. 
The doubly-charged fluorescein anion is hydrophilic 
and unlikely to affect the water solubility of any 
immunochemical reagent to which it is attached. 
However, as stated above, it is quite sensitive to 
background interferences and scattering because of 
its narrow Stokes shift. Umbelliferon16 and the 
sulphonamide derivative of 2-naphthol-8-sulphonic 
acid”,” have also been used, amongst others, as 
fluorescent labels. 

Instrumentation 

The only instrumental modification required for 
polarization studies is insertion of polarizing films 
immediately before and after the sample compart- 
ment of the fluorescence spectrophotometer. The 
excitation polarizer is generally oriented with its 
polarization plane vertical, and the emission polarizer 
can be oriented with its polarization plane either 
vertical or horizontal (Fig. 2) to measure Z,, and IL, 
respectively. The manufacturers of most research 
fluorimeters offer polarization accessories. 

Several instrumental designs with a variety of 
electronic and optical arrangements have been de- 
scribed.“** Deranleaui9 used an ingenious optical 
means of obtaining a reference signal and processed 
the signals from two photomultipliers with an ana- 
logue computer to record polarization or fluorescence 
intensity as functions of wavelength or time. Weber 

Fig. 2. Simplified representation of the fluorescence polar- 
ization process. A: excitation polarizer; B: emission polar- 
izer; I: exciting polarized radiation; I, and IL: polarized 
fluorescence obtained with the two polarizers oriented in 

parallel and perpendicularly, repectively. 
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and Bablouzian*’ utilized separate photomultipliers 
for the two polarization components and recorded 
the relative fluorescence intensity as a function of 
wavelength. Lavorel et aL2’ used a rotating polarizer 
in the incident beam. Spencer et al.** employed 
analogue detection but digital read-out. Wampler 
and DeSa*’ used a piezoelectric birefringence modu- 
lator and an analysing polarizer to generate a time- 
dependent intensity which was a function of the 
polarization. Other designs have utilized a photon- 
counter,24s25 and a completely automated instru- 
ment29-3’ optimized for fluorescein has been designed 
for monitoring drug levels in biological fluids. This 
instrument is especially useful in clinical applications 
of FPIA, where large numbers of routine measure- 
ments are made. However, it is a “black-box” system 
and the user is fully dependent on the supplier 
for assay procedures and cannot develop his own 
methods. 

Comparison of FPIA with other FIA techniques 

There is a wide variety of FIA techniques which, in 
addition to fluorescence polarization, exploit other 
phenomena such as fluorescence enhancement,32 
quenching33 and excitation transfer.” Fluorescent 
substrates of enzymatic reactions have also been used 
as labels.35 Each of these assays has some positive 
features that may be of advantage in a particular 
analytical situation, but all are, in one way or an- 
other, limited in the number of potential applications. 
The main limitation of all these methods is that 
because of the endogenous background fluorescence 
from the sample matrix and the low degree of fluores- 
cence change in the immunoreaction they may not 
always provide the sensitivity needed in certain deter- 
minations. Thus, most of these methods are designed 
to determine analytes present in substantial concen- 
trations. 

Although FPIA requires special instrumentation 
which is unsuitable for other types of immunoassays, 
it is one of the most frequently used FIA techniques, 
perhaps because of its successful adaptation to auto- 
mated analyses for an extensive range of therapeutic 
drugs3’ One of the main limitations of this technique 
is that the presence of the polarizers in the excitation 
and emission beams reduces the light intensity. Thus, 
the potential sensitivity is reduced by a factor of up 
to - 10. Background fluorescence is a general prob- 
lem in homogeneous FIA but is less important in 
fluorescence polarization measurements than in 
fluorescence enhancement and quenching where a 
direct change in fluorescence is measured. 

Another limitation of FPIA is that it is not appli- 
cable to antigens with molecular weight greater than 
about 2 x 104, because only a relatively small change 
in the polarization will then be observed. However, it 
is widely applicable to the determination of haptens 
such as drugs and hormones. On the other hand, the 
applications of fluorescence enhancement im- 
munoassays are quite limited because significant 

differences in intensity between bound and free 
fluorescein-labelled analytes are uncommon. Another 
problem with these methods is that suitable probes 
are quite sensitive to fluorescence and scattering from 
the serum matrix. In contrast to the case for these 
immunoassay methods, the quantum yield of fluor- 
escein derivatives normally decreases when they are 
bound to their corresponding antibodies. However, 
fluorescence quenching immunoassays are also re- 
stricted to small molecules such as drugs and hor- 
mones. In some of these methods, the quenching 
effect is amplified by using anti-fluorescein antibodies 
(indirect quenching fluoroimmunoassays) or adding 
quenching groups to the antibodies (fluorescence 
excitation transfer immunoassays, FETIA).34 Indirect 
quenching fluoroimmunoassay has been applied 
mainly to assays of high molecular-weight antigens, 
but has not been widely used, possibly because of 
inadequate quenching by natural antibodies or of 
random proximity and steric inhibition of the binding 
of two distinct antibodies. The use of FETIA requires 
double labelling, with a fluorescent molecule (donor 
dye) which fluoresces in the same spectral region as 
the second fluorescent molecule (acceptor dye) ab- 
sorbs. A problem with this method is the need to 
conjugate the antibody with a relatively high molar 
ratio (about l&20) of acceptor dye to ensure that at 
least one acceptor dye molecule becomes conjugated 
sufficiently close to each hapten binding site; how- 
ever, too high a degree of conjugation may diminish 
the antibody affinity, so an optimum degree of conju- 
gation must be established for each antibody prepa- 
ration. Thus, this method is more complex than 
FPIA. 

Compared with substrate-labelled fluoroimmuno- 
assay (SLFIA),35 FPIA has the advantage of avoiding 
dependence on an enzymatic reaction. Although the 
SLFIA principle can be applied both to haptens and 
proteins, its sensitivity is limited by the serum 
background fluorescence and its dependence on an 
enzymatic (and thus substrate-limited) reaction. 

There is another relatively recent FIA technique 
which is usually dealt with separately because the 
principle of time-resolved measurements36 does not fit 
any conventional FIA category. Time-resolved im- 
munoassays have a great potential because they 
overcome most of the limitations of other FIA 
methods. For instance, they have a very high sensitiv- 
ity, resulting from several characteristic features of 
the europium complexes used in this technique, 
namely the large Stokes shift (290 nm, compared to 
28 nm for fluorescein), which makes separation of the 
excitation and emission wavelengths very easy, the 
narrow emission bandwidth, which allows the use of 
narrow bandpass emission filters without loss of 
energy, and the long life of the fluorescence emitted, 
so that after flash excitation of the sample, the 
short-lived background fluorescence due to serum, 
solvents, cuvettes and reagents can be allowed to 
decay and the only possible background signal is then 
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that due to non-specific binding of the tracer. The 
main disadvantage of this technique compared to 
FPIA is that it requires a special instrument which is 
more complex and expensive than that required for 
fluorescence polarization measurements, which need 
only a conventional fluorescence spectrophotometer 
with a polarization accessory. Also, the high concen- 
tration of antiserum used and difficulties with the 
preparation of the europium complex may set 
economic limitations on its wider use. 

Finally, phase-resolved fluoroimmunoassays,37 
which are based on the phase-modulation method for 
the determination of fluorescence lifetimes, in which 
the sample is excited with sinusoidally-modulated 
light, allow the determination of antigen species 
regardless of their molecular weight, provided there is 
a sufficiently large change in fluorescence lifetime on 
antibody-binding of the labelled antigen. However, 
this technique also requires special instrumentation. 

APPLICATIONS 

Although several FPIA methods were reported 
early on,38 numerous new methods have been de- 
scribed in recent years and widely applied in routine 
clinical practice. Many of them are commercially 
available, which has contributed to the fast expansion 
of this technique. 

Haidukewych39 presented a review on automated 
FPIA in therapeutic drug monitoring which dealt 
chiefly with the clinical interest in these drugs and 
correlated data with other reference methods, but 
gave no information on the analytical characteristics 
of FPIA methods. The present review covers the 
most recent FPIA methods and describes their 
features (dynamic range, precision, interferences) and 
applicability. The methods described are arranged 
according to type of analyte. 

Therapeutic drugs 

Therapeutic drug monitoring has become an area 
of rapid development in the clinical laboratory 
thanks to the availability of accurate, precise, sensi- 
tive and selective analytical techniques for measure- 
ment of these drugs in biological fluids. These 
determinations are most valuable when the gravity of 
an acute clinical situation demands aggressive ther- 
apy with a drug of narrow therapeutic index. In 
discussing the FPIA methods developed for routinely 
monitored drugs we have classified them according to 
the kind of therapy they provide. 

Anticonvulsant drugs. These are used to treat 
epilepsy and seizure disorders secondary to other 
diseases. The most common anticonvulsants are phe- 
nobarbitone and phenytoin for major motor seizures, 
and valproic acid (dispensed as sodium valproate) for 
absence seizures. Carbamazepine and primidone are 
also included in this group. 

Most of these drugs have a narrow therapeutic 
index and wide inter-patient variability in the rate of 

metabolism and clearance; thus, the determination of 
blood levels of these drugs is essential for optimum 
therapy. Also, it is necessary to take into account that 
these drugs may be strongly bound to plasma protein. 
Thus, 90-95% of phenytoin and -75% of carba- 
mazepine is protein-bound. As with all drugs, their 
pharmacological effect is directly related to the 
amount present in the unbound state. 

Various techniques, such as ultraviolet spectro- 
photometry and gas and liquid chromatography, 
have been used for the determination of phenobarbi- 
tone, phenytoin, primidone, carbamazepine and val- 
proic acid in serum. As the number of determinations 
needed has increased, new methods of analysis have 
been developed to obtain adequate speed in addition 
to precision and accuracy. Among such methods, 
enzyme immunoassay and FPIA are now widely used 
for routine monitoring of these drugs. 

Jolley15 developed immunoassays for phenobar- 
bitone and phenytoin, with 5-[(4,6-dichlorotriazin- 
2-yl)amino]fluorescein and 5carboxyfluorescein 
N-hydroxysuccinimide ester, respectively, as labels. 
Lu-Steffes and co-workers40A’ applied these methods 
to the determination of phenytoin and phenobarbi- 
tone in human serum and plasma to study their 
clinical use. They found that the mean analytical 
recovery of the two drugs was 101% and even 
abnormal concentrations of protein, lipid, 
haemoglobin or bilirubin did not interfere. Also, drug 
metabolites and commonly co-administered drugs 
did not affect the assay results at clinically significant 
concentrations. The results obtained showed good 
correlation with those found by HPLC, EMIT and 
RIA. They also investigated the cross-reactivity of 
some compounds that, because of their chemical 
structure or concurrent clinical use, could potentially 
interfere with the phenytoin and phenobarbitone 
assays. Thus, p-hydroxyphenobarbitone cross- 
reacted by 100% in the phenobarbitone assay and 
levels of this metabolite are known to accumulate in 
uraemic patients. This could be the reason why 
Bridges42 found spurious phenobarbitone levels by 
this method for patients with renal disease and had 
to use an alternative method to confirm the results. 

In several reports the commercial FPIA methods 
for the analysis of anticonvulsant drugs43 were evalu- 
ated by comparison with other methods. Thus, the 
FPIA method for phenytoin was compared with 
RIAU and those for carbamazepine4’ and valproic 
acid& with EMIT; good correlation was obtained in 
both cases. However, Ratnaraj et a1.,47 who studied 
the correlation between FPIA and EMIT methods 
for phenobarbitone, primidone, phenytoin, carba- 
mazepine and valproic acid, found that the accuracy 
and precison of both assays were satisfactory for the 
four first drugs, but somewhat poor for the EMIT 
assay of sodium valproate. Various comparative 
studies of the FPIA and HPLC methods for these 
drugs48-50 showed that both methods gave similar 
results. 
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Sidki et aL5’. reported a method whereby pheno- 
barbitone was labelled by coupling with fluorescein, 
and a detection limit of 0.8 mg/l. was obtained. This 
method showed good correlation with results found 
by established GC and RIA methods. Interference 
was observed only in the presence of more than 
5 x 10w4M bilirubin or with grossly haemolysed or 
lipaemic samples. A similar method was recently 
described for valproic acid.52 

Phenytoin has also been assayed by two FPIA 
methods53,54 with fluorescein derivatives, and by an- 
other method based on the use of a sulphonamide 
derivative of 2-naphthol-8-sulphonic acid as a label.” 
This label undergoes excited-state proton transfer 
which results in a relatively large shift of the fluor- 
escence spectrum to wavelengths much longer than 
that of excitation, thereby decreasing background 
serum-matrix interference. This method may be com- 
pared with that of Lu-Steffes et aI.@ and it can be 
inferred that although the dynamic range of the 
former is wider, its precision is poorer (Table 1). In 
addition, no cross-reactivity was observed in this 
method. 

Antibiotics. For antibiotic drugs, FPIA has been 
mainly used for determination of aminoglycosides, a 
class of antibiotics that act by inhibiting bacterial 
protein synthesis. Because the organisms treated are 
variable and can become resistant to certain drugs, 
treatment with specific aminoglycoside agents should 
always be directed by susceptibility testing. High 
levels of these compounds in serum can cause toxicity 
which shows as delayed-onset vestibular and cochlear 
sensory-cell destruction and acute renal tubular 
necrosis. The extent of cell damage depends on the 
particular aminoglycoside, but cell damage will 
result if the concentration exceeds the toxic limits. 
Thus, accurate monitoring of these antibiotics in 
serum is mandatory, especially in patients with renal 
dysfunction. 

The first FPIA method for an antibiotic, genta- 
micin, was reported by Watson et a1.,55 who used 
fluorescein isothiocyanate as a label and obtained a 
calibration graph over the range O-20 mg/l. The 
results agreed well with those obtained by bioassay or 
RIA. The aminoglycoside antibiotics gentamicin, 
tobramycin and amikacin, which are highly powerful, 
broad-spectrum bactericides against both Gram- 
negative and Gram-positive organisms, can be 
monitored with 5-[(4,6-dichlorotriazin-2-yl)amino]- 
fluorescein as a label.56 The use of this label was 
reported in an earlier work.” A comprehensive com- 
parative study of these methods with commercially 
available RIA, EMIT and SLFIA methods showed 
that FPIA methods are clinically useful tools for 
determining aminoglycoside concentrations because 
there is generally a good correlation between these 
methods and those used as references. The usefulness 
of these methods is also confirmed by the results 
obtained in recovery and selectivity studies. High 
levels of bilirubin do not interfere with the amikacin 

assay but may result in significant underestimation of 
gentamicin and tobramycin, because the endogenous 
fluorescence of the sample interferes with the fluores- 
cence polarization measurement. This interference 
can be identified by observing the fluorescence inten- 
sity of the tracer and can be overcome by blank 
subtraction. 

Similar commercial FPIA methods for strepto- 
mycin” and vancomycin,59 which is a glycopeptide 
antibiotic, have been developed. The FPIA method 
for streptomycin was compared with a conventional 
bioassay@ and was found to be more reproducible.5* 
The FPIA method for vancomycin was compared 
with HPLC6’ and RIA methods by analysis of 98 
samples, and correlation coefficients of 0.980 and 
0.957, respectively, were obtained. 

A number of studies have been conducted to 
compare the commercial FPIA methods for these 
antibiotics with other methods.62* Thus, Araj et al.” 
compared the FPIA method for gentamicin with a 
bioassay and EMIT, and found that FPIA was the 
most accurate and reproducible method. Nanji et al.@ 
applied the FPIA method to gentamicin and other 
aminoglycoside antibiotics in hyperbilirubinaemic 
serum and showed that this method, as well as the 
EMIT method, gave reliable results for jaundiced 
patients. In addition, heparin, which has been impli- 
cated as a deactivator of gentamicin by formation of 
a biologically inactive complex,69 had no significant 
effect on the determination of gentamicin,70*71 though 
the results obtained by the EMIT method were 
notably lower in its presence. 

The FPIA method for vancomycin59 has also been 
widely evaluated by other methods,72-74 involving 
RIA,75 HPLC?’ and diffusion bioassay.76 The results 
of these methods correlated well with one other in the 
determination of vancomycin serum levels. However, 
an overestimation of vancomycin concentrations 
has been found in patients on peritoneal dialysis,” 
and is attributed to the degradation products of 
vancomycin. 

The effect of various storage conditions on the 
results of the FPIA method for tobramycin” was also 
studied. The results showed that they were not 
affected by storage time, temperature, container 
material or storage medium (whole blood or serum). 

An FPIA method for the determination of 
kanamycin uses a sulphonamido derivative of 2- 
naphthol-6-sulphonic acid as a label” (similar to that 
described above for phenytoin). The spectral charac- 
teristics of this label gave improved detection limits 
in proteinaceous samples. This was a result of de- 
creased Rayleigh scattering and the fact that most 
fluorescent materials present in serum emit radiation 
of relatively short wavelength compared with the 
fluorescence of dissociated hydroxyaromatic sul- 
phonic acids. This method requires a study of the 
cross-reactivity in order to determine specificity. 

Recently, a commercial FPIA method for astro- 
micin, a new aminoglycoside antibiotic, has been 
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evaluated.79 No cross-reaction of astromicin reagents 
with other aminoglycosides was found. 

Cardiac glycosides. Digoxin is a widely used car- 
diac glycoside prescribed for control of congestive 
heart failure and supraventricular arrhythmias. As 
the difference between the therapeutic and toxic 
concentrations of this drug is quite small, the need for 
adequate methods for monitoring digoxin concen- 
trations in serum from patients being treated with the 
drug is obvious. Usually, RIA is the technique of 
choice for determining digoxin in serum because of its 
sensitivity and specificity but, to avoid the problems 
associated with isotopic techniques, an FPIA method 
has also been reported. 43 However, this method is 
rather complex because matrix effects associated with 
variations in albumin or total protein concentration, 
as well as interference by endogenous digoxin-like 
factors which have been observed by Porter et a1.,8o 
are involved. They concluded that digoxin is bound 
to the protein precipitate during the pretreatment 
step, the magnitude of the binding being related to 
the protein concentration. Thus, differences between 
the protein concentration in the FPIA procedures 
and in normal serum largely account for the low 
results for digoxin obtained by FPIA. To obtain 
accurate results, they suggested preparing the stan- 
dards in a matrix with a total protein concentration 
similar to that of most patients. Falsely high or low 
values may be expected when the protein concen- 
tration of a patient’s serum is abnormally low or 
high. Scherrmann and Bourdon” suggested that a 
patient’s serum should be diluted twofold with iso- 
tonic saline to suppress protein interference. They 
proposed this modification after a study by Rawal 
et a1.,82 who compared the FPIA method with RIA 
and concluded that the former showed the better 
discrimination and thus recommended it for routine 
use. However, Rawal et aLg3 did not agree with the 
proposal to dilute the sample with saline. 

Several evaluations of the FPIA method for 
digoxin have been made by comparing the results 
with those obtained with various RIA methods.84-91 
Erickson and Greens4 compared seven RIA kits, 
finding that the analysis time was shorter and the 
precision higher for the polarization approach than 
for the RIA methods. The analytical recovery of 
digoxin ranged from 94 to 104% by FPIA and from 
113 to 135% by the RIA methods. Puppgs obtained 
a satisfactory correlation between the FPIA and RIA 
methods. Although he considered the first method to 
be simpler, he stressed the need for strict standardiza- 
tion. Some data92-96 suggest that the mean concentra- 
tions of digoxin measured by FPIA methods are 
generally lower by lO-14% than those obtained by 
RIA methods. Moreover, analytical recovery of 
added digoxin measured by FPIA was significantly 
lower for sera of patients with multiple myeloma than 
for sera from normal individuals.93 

It should be emphasized that digoxin immuno- 
assays are generally troublesome. Thus, many 

steroids and lipids have been found to interfere and 
give false positive results for digoxin.86 Also, digoxin 
shows significant cross-reactivity.87 Inconsistent re- 
sults were obtained upon application of digoxin 
immunoassays to samples from patients with renal 
and/or hepatic failure and from new-born in- 
fants.97-‘” Pleasant et aLLo’ analysed serum samples 
by FPIA, RIA and an affinity-column mediated 
immunoassay. They found that the last two methods 
were subject to interference from digoxin-like im- 
munoreactive substances (DLIS) for samples with 
serum creatinine concentrations above 15 mg/l, but 
the first method was free from interference. However, 
Bianchi”’ found that polarization measurement of 
digoxin in the serum of uraemic patients on long-term 
dialysis treatment gave higher results that did an RIA 
method, owing to an increased mean blank fluores- 
cence intensity of a patient’s serum. Oldfield et aLlo 
also obtained significantly different results when 
digoxin was determined in the plasma of a patient 
with renal and liver impairment, by RIA, FPIA and 
FETIA. The results obtained suggested that only 
FETIA was likely to yield the correct result. 
Fleming’@’ obtained a poor correlation (r = 0.777) 
between the FPIA and FETIA methods for digoxin, 
which may result from the presence of DLIS and 
from inter-assay differences in the cross-reactivity of 
digoxin metabolites. However the results obtained 
with RIA agreed well with those found by FPIA. 
Sedman et al.“’ evaluated the FPIA method for 
digoxin in patients with chronic renal failure and no 
falsely elevated values were obtained from plasma 
samples after treatment with digoxin. They consid- 
ered the method more suitable than other immuno- 
assay methods for analysis of plasma from patients 
with renal failure. McElnay and Hooymans’06 deter- 
mined digoxin by RIA, fluorimetric enzyme im- 
munoassay and FPIA in blood samples from patients 
undergoing renal dialysis who had not received 
digoxin, and none of the samples gave a positive 
result for this drug; no endogenous interference was 
found in the digoxin assays. Yatscoff et al.‘O’ studied 
the interference by DLIS in serum of uraemic patients 
and new-born babies during the determination of 
digoxin with the FPIA method and three RIA kits. 
They found that the degree of interference of the 
DLIS was least in the fluorescence polarization mea- 
surements. 

Argyle’08 studied the effect of digoxin antibodies, 
which are sometimes administered to patients with 
digoxin toxicity, on the FPIA method. The presence 
of,these antibodies resulted in a large increase in total 
digoxin in serum and a decrease in free digoxin in 
serum. The precise effect depends on the relative ratio 
of digoxin to antibodies. 

Recently, Perkins and Ooi109 reported the positive 
interference of amrinone lactate (Inocor), a new 
cardiotonic agent that is excreted largely unmetab- 
olized in urine, on the determination of digoxin by 
FPIA. They suggested that this interference was 



1194 M. C. GUTIERREZ ef al. 

probably due to the cross-reaction of this drug with 
digoxin antibodies. However, Coates and LeGatt*‘O 
also studied the effect of amrinone lactate and found 
that its potential interference in the determination of 
digoxin should be assessed in terms of the concen- 
trations attained in serum when the drug is used 
therapeutically. No interference was found at this 
concentration level. 

Even though contradictory results have been re- 
ported, it can be concluded that the FPIA method for 
digoxin is perhaps the most troublesome. However, 
this is more probably a general problem arising from 
application of the immunoassay technique to digoxin 
than one specific to the fluorescence polarization 
technique. 

An FPIA method similar to that for digoxin has 
been described for digitoxin,43 a cardiac glycoside 
that is used less often than digoxin. The method was 
evaluated”’ by comparison with an RIA method; 
both methods correlated well (r2 = 0.95), but the 
FPIA results for patients with a significantly low 
creatinine level were lower than those found by 
RIA. 

Antiurrhythmic drugs. These drugs form, with 
cardiac glycosides, the so-called cardioactive drugs. 
They have a narrow therapeutic index and can pro- 
duce serious toxic side-effects. Also, the clearance of 
these drugs is dependent on adequate hepatic and 
renal function, so the reduction of either of these two 
functions will result in their accumulation. 

Several FPIA methods for different antiarrhythmic 
drugs43 have been developed and the results com- 
pared with those of other methods. Thus, the FPIA 
method for quinidine, procainamide and N-acetyl- 
procainamide were evaluated by the HPLC method 
of Bridges and Jennison,“’ and a good correlation 
between both methods”3”4 was obtained. The FPIA 
method for ethosuximide was compared”’ with two 
other immunoassay methods and it was found that 
the FPIA method yielded lower values than the other 
two. This was attributed to differences in antibody 
specificity, but in spite of the fact that the results were 
statistically different, the authors of this comparative 
study considered that it was doubtful whether this 
difference would be clinically significant, on account 
of the magnitude of the difference and the therapeutic 
concentration range of 40-100 mg/l. They concluded 
that the FPIA method for ethosuximide was as 
accurate and precise as the other two methods. 

Flecainide acetate is a new antiarrhythmic agent 
which can also be determined by FPIA.“6s”7 The 
comparison of this method with HPLC showed that 
both methods were sufficiently accurate and precise, 
but the former required much smaller sample vol- 
umes (50 ~1) than the latter (1 ml). 

Chen et ai.“* obtained a linear response from 
0.05-8 ml/l. disopyramide by the FPIA method. The 
results for total and free disopyramide correlated 
well with those found by HPLC, the correlation 
coefficients (r) being 0.982 and 0.986, respectively. 

Other therapeutic drugs. Theophylline (1,3-di- 
methylxanthine) is a therapeutic drug commonly used 
for the treatment of asthma. As its therapeutic range 
is very narrow, it is necessary to determine its level in 
serum or plasma to avoid toxic effects. 

Several imunoassay methods for theophylline by 
use of fluorescence polarization have been described. 
Jolley” developed a method with 5-[4,6-dichloro- 
triazin-2-yl)amino]fluorescein as a label, purified 
by thin-layer chromatography.“9 The precision of 
manual and automated methods has been com- 
pared.29 The latter method provided better results; the 
manual method involved a 15-min incubation at 
room temperature, while the automated method re- 
quired only a 3-min incubation at 35”. One sample 
could be processed in 5 min, and 20 samples in 10 
min. Various applications of this method have been 
studied. Thus, Loomis and Frye’” found that the 
threshold of detection for theophylline was 0.4 ml/l., 
the reccvery was essentially lOO%, and elevated levels 
of bilirubin, triglycerides or haemoglobin caused no 
significant interference. This method was also used to 
determine theophylline in saliva,‘*’ with recoveries of 
95-103% and between-day coefficients of variation 
below 3%. Young et al. ‘~2 also checked this FPIA 
method and concluded that it was easy to use and 
produced reliable results rapidly. Other studies 
showed the method gave results comparable to those 
from other methods.‘23*‘24 Also, Lalonde et aL’25 
compared the FPIA and HPLC methods in a phar- 
macokinetic study of theophylline, and found no 
statistical difference between them. Another im- 
munoassay method for theophylline involving com- 
petitive nephelometric inhibition immunoassay’26’28 
was compared with the FPIA method.‘29 The results 
obtained showed the nephelometric method to be the 
more cost-effective. The interference from caffeine 
was negligible but in the FPIA method this xanthine 
caused a positive bias of up to 10% in the determin- 
ation of theophylline. Vasiliades et aL6’ found the 
same interference. On the basis of this cross-reactiv- 
ity, Tumbull et al.‘30 reported a determination of 
caffeine in sera from infants, by the FPIA method for 
theophylline. 

A further problem posed by the theophylline 
assay with polarization measurement was that 
samples from patients with renal failure might 
suffer non-specific interference or possess metabolites 
of theophylline that interfere with this deter- 
mination.13’ The same conclusion was drawn by 
Pate1 et al.13’ and by Nelson et al.,133 who failed 
to measure theophylline concentrations by FPIA if 
the serum creatinine concentration exceeded 
2 x lo-4M. 

To avoid these interferences Dodge’34 introduced 
another FPIA which uses a mouse monoclonal 
antibody with very good specificity for theophylline. 
This assay provides excellent results for uraemic’35 
and non-uraemic samples, and gives less than 1% 
cross-reaction with caffeine.‘3”3s 
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The FPIA method was used with dried blood spots 
on filter paper,139 and gave theophylline recoveries 
in the range 97.2-103.2%. The results correlated 
well (r = 0.988) with those obtained by using serum 
samples. 

The results obtained for theophylline by FPIA 
have been compared with those obtained by other 
immunoassay techniques, such as RIA, EMIT, 
nephelometry,4**‘40*‘4’ reflectance photometry’42*‘43 and 
turbidimetry,‘” in a number of papers. Generally, a 
good correlation was found. A single-reagent FPIA 
in which fluorescein-labelled theophylline was used’45 
showed precision, accuracy and specificity similar to 
those obtained by conventional immunoassay with 
the same reagents. 

Another FPIA method for theophylline, with an 
umbelliferone derivative as label, was reported by Li 
et a1.l6 This fluorescent probe is characterized by a 
high quantum yield, a high molar absorptivity, a 
large Stokes shift and the absence of non-specific 
interaction with normal human serum. The linear 
range obtained by this method was similar to that 
obtained by using fluorescein as label15 but the 
precision was poorer. No data about the effect of 
caffeine or the application of the method to uraemic 
samples were given. 

Salicylate and acetylsalicylic acid show analgesic, 
antipyretic and anti-inflammatory action on conver- 
sion into salicylic acid. The determination of salicy- 
lates in blood serum is necessary for the proper 
management of salicylate poisoning due to chronic 
high doses, which are indicated for the therapy of 
rheumatoid arthritis, and to acute overdose (arising 
from the ready availability of this drug). A commer- 
cial FPIA method for salicylates’46 has been evalu- 
atedi4’ and compared with HPLC; the correlation 
coefficient was 0.998. The results demonstrated excel- 
lent precision. The FPIA was more rapid than HPLC, 
which is very important when a fast analysis time is 
needed to monitor the effectiveness of treatment in 
overdose cases. However, diflunisal (2’,4’-difluoro-4- 
hydroxy-3-biphenyl carboxylic acid), which is a 
non-steroidal, anti-inflammatory, non-narcotic drug 
with antipyretic properties, interferes with the 
determination of salicylate by immunoassay148 owing 
to the similar behaviour of the two compounds. 
Significant problems may arise in emergency toxi- 
cology screening if diflunisal is erroneously identified 
as salicylate. 

Coxon et a1.‘49 have developed a specific FPIA 
method for paracetamol in serum. Recovery was 
90-92% and for correlation with an enzymatic 
method the coefficient was 0.970. 

Methotrexate is an antineoplastic drug used for the 
treatment of leukaemia and other diseases such as 
psoriasis, sarcoidosis and granulomatosis. A com- 
mercial FPIA method developed for this drug“3 was 
evaluated by Pesce and Bodourian,lso who found 
that haemoglobin, triglycerides, bilirubin and protein 
did not interfere with the method, but there 

was cross-reactivity with 7-hydroxymethotrexate and 
2,4-diamino-N-methylpteroic acid. This method was 
compared with EMIT and HPLC,“’ and all 
these methods gave good precision, sensitivity 
and accuracy, and were suitable for routine clinical 
analysis. 

Cyclosporin is an immunosuppressant used to 
combat tissue rejection after organ transplants. It can 
be determined in serum and plasma by FPIA.“* This 
method has been modified by Vogt and WelschlS3 for 
use with whole-blood samples and the results have 
been compared with those of several RIA meth- 
ods.‘53*1” The values for cyclosporin measured by 
FPIA were higher than those determined by RIA 
owing to the cross-reactivity of the cyclosporin 
metabolites with the antibodies used in the FPIA 
method. This could be considered as an advantage for 
the FPIA method because some cyclosporin metabo- 
lites appear to exhibit immunosuppressive activity. 
Thus, the drug concentrations measured by FPIA 
may more closely approximate to the concentration 
of the immunosuppressive drug present in the circu- 
lation. The time required to obtain the final results by 
FPIA is about a sixth of that required for the RIA 
methods. 

Tricyclic antidepressants such as imipramine, 
disipramine, amitriptyline, nortriptyline, toxepin and 
trimipramine are used to treat endogenous depres- 
sion. These drugs can be determined in serum or 
plasma by polarization techniques.ls5 A calibration 
graph is obtained with imipramine standards and the 
detection limit is 20 pg/l. 

An FPIA method for insulin preparations’” with a 
linear calibration graph from 40 to 6000 III/l. was 
developed with fluorescein isothiocyanate as label. 
The method is a modification of an earlier one.** 
Although the authors studied the cross-reactivity 
with other peptides such as prolactin, glucagon, 
ACTH, GH and pentagastrin, no data on precision, 
analytical recovery and correlation with other 
methods were given. 

Drugs of abuse 

Usually, the methods designed for the determin- 
ation of these drugs differ from those designed for 
therapeutic drug monitoring. The biological fluid of 
choice is urine rather than serum, qualitative rather 
than quantitative results are generally sufficient, and 
the assay should detect a broad range of related drugs 
rather than one specific drug. 

Rawls”’ described an FPIA method for barbitu- 
rates with a quinalbarbitone standard; the mean 
and standard deviation of the recoveries were 
106.3 f 3.2%. Li” has determined pentobarbitone in 
serum with this method, obtaining coefficients of 
variation of 2.7-4.5%. Colbert et aLIS described a 
rapid FPIA method for screening for the presence of 
barbiturates in urine, based on use of an antiserum 
premixed with a fluorescein-labelled barbiturate 
derivative as tracer. A mixture of two sheep antisera, 
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raised against different barbiturate immunogens, re- 
sulted in an assay with a broad cross-reactivity 
spectrum for most common barbiturates (phenobar- 
bitone, quinalbarbitone, cyclobarbitone, butobarbi- 
tone, pentobarbitone, p-hydroxyphenobarbitone and 
others). These authors described a similar method for 
determination of benzoylecgonine (a cocaine metabo- 
lite) in urine,lm with a detection limit of 0.36 mg/l. 
Under assay conditions, cocaine and benzoylecgo- 
nine gave equal reactivity with the antiserum. The 
analytical recovery was 94.4101.2%. The results 
correlated well with those found by the EMIT 
method. Another FPIA method for benzoylecgonine 
has also been reported. 43 It yields a narrower cali- 
bration range than Colbert’s method,lm but its preci- 
sion is better. The results obtained with this method 
agreed with those obtained by HPLC,16’ EMIT, RIA 
and GC.“’ 

Colbert et ~1.‘~~ described an FPIA method to 
screen urine for the presence of amphetamine. To 
simplify the procedure, a single reagent prepared by 
mixing antiserum with fluorescein-labelled tracer was 
used. The results obtained by this method compared 
favourably with those found by EMIT and GC. The 
authors reported that the FPIA method was much 
simpler than GC and less prone to erroneous results 
than the EMIT method. A similar FPIA method for 
methamphetamine has been described by Eremet et 
~1.‘~ Amphetamine and methamphetamine can also 
be determined by a commercial FPIA method which 
has been evaluated by Caplan et ~1.‘~~ by comparison 
with GC and EMIT. 

Hubbard et al.‘” proposed a method for lysergic 
acid diethylamide (LSD), with fluoresceinamine as 
label. The assay system was most sensitive in the 
range SXI pg/l. LSD. Although the method has a 
poorer detection limit than RIA,16’ it is faster. The 
detection limits obtained in serum samples were 
higher than those in urine, owing to the fluorescence 
background effect. “’ No data on the precision and 
analytical recovery of the method, and the possible 
cross-reactivity with metabolites of LSD were given. 

Benzodiazepines and opiates can be monitored in 
urine by commercial FPIA methods.‘s7 The standards 
are prepared from nordiazepam and morphine; a 
recovery of 100.9 + 2.2% for nordiazepam and 
101.2 f 6.3% for morphine is obtained. Franceschin 
et .I.‘69 have proposed the application of this method 
to the determination of morphine in hair. However, 
it is necessary to take into account that codeine, 
which can also be concentrated in the hair, shows 
significant cross-reaction in this method.“’ 

Colbert et al.“’ have developed an FPIA method 
for cannabinoids (tetrahydrocanabinol) in urine, but 
the detection limit is very high (60 pg/l.). 

Hormones 

Immunoassay methods have been mainly used 
to determine two hormones, thyroxine and hydro- 
cortisone. RIA is the most popular technique 

in current use although it is not well suited to 
automation. 

FPIA has been recently used for the measurement 
of serum thyroxine (T4) and thyroxine-uptake (T- 
U)!3 Both assays used fluorescein-labelled T4 as 
tracer. Symons and Vining”* evaluated these meth- 
ods and compared the results with those found by 
RIA. They concluded that the FPIA methods for T, 
and T-U were a reliable alternative to RIA because 
they avoided the separation step of conventional RIA 
and the reagents showed better stability. They found 
the T, assay was affected by haemolysis, but this did 
not affect the T-U assay. Law et .1.‘73 and Bowie et 
~1.“~ obtained falsely high thyroxine results for sera 
with high background fluorescence. Harff”’ com- 
pared the results obtained with the FPIA method 
for T-U with those from RIA, concluding that 
this homogeneous method was very convenient. 
Maratsugu and Makino’76 evaluated an FPIA 
method for T4 involving fluorescein-labelled T4, by 
means of an RIA method, and obtained poor 
correlation (r = 0.886). This was attributed by the 
authors to the poor reproducibility of the RIA 
method. 

Kobayashi et n1.l” reported an FPIA method for 
serum hydrocortisone in which fluorescein iso- 
thiocyanate was used to label the steroid at the 
21-position. The analytical range, with a non-linear 
calibration graph, was 15-1000 fig/l. Interfering 
serum proteins were precipitated with methanol in a 
pretreatment step. These authors”” also proposed the 
use of sodium dodecyl sulphate as a blocking agent 
to prevent non-specific serum protein binding of the 
tracer and to enable direct assay without extraction. 
However, correction for residual serum interferences 
was necessary. This was accomplished by making 
polarization measurements both before and after the 
addition of antibody to each assay mixture. A com- 
parative study’79 between the results obtained by 
polarization,‘77’78 quenching”’ and solid-phase’*’ 
fluorescence immunoassay methods for hydrocorti- 
sone showed the sensitivity of the quenching method 
to be lower than that of the polarization and solid- 
phase methods. 

Al-Ansari et al.‘*’ developed an FPIA method for 
serum and salivary hydrocortisone with the steroid 
labelled at the 3-position with fluorescein, which was 
found to result in better specificity than did the 
21-linked immunogens.‘83*‘84 To avoid the effect of 
interfering factors present in biological fluids, 
hydrocortisone was extracted with dichloromethane 
before the assay. A similar method was proposed for 
the determination of 1 I-deoxyhydrocortisone in 
serum and saliva.‘*’ The serum assay was suitable for 
following the response to the metyrapone [Zmethyl- 
1,2-bis(3-pyridyl)-I-propanone] test. Metyrapone 
blocks the conversion of 1 I-deoxyhydrocortisone 
into hydrocortisone and is a useful indicator of 
pituitary-adrenal reserve. The results obtained by 
applying this method to serum correlated acceptably 
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with those found by RIA. However, the FPIA Other determinations 
method was not sufficiently sensitive to detect 
1 1-deoxyhydrocortisone in normal saliva, but 
greatly increased concentrations were found in post- 
metyrapone saliva and the results agreed well 
with those obtained by RIA as modified for salivary 
assay. 

A commercial FPIA method for amylase”’ is based 
on the fact that amylase in the sample (serum and 
urine) catalyses the hydrolysis of the substrate, a 
fluorescein-labelled amylose. This results in decreased 
fluorescence polarization owing to the increased rate 
of rotation of the amylose fragment relative to the 
intact substrate. The results obtained correlate well 
with those found by other commercial assays.‘8**‘89 
Haemolysis, lipaemia and endogenous glucose do not 
interfere with the assay. 

Disulphonatonaphthalimide fluorescent dyes have 
been used in the FPIA of steroids.‘*6 The fluorescence 
lifetimes of the conjugates obtained between these 
dyes and testosterone or oestriol were longer than 
those with unconjugated dyes. Assay sensitivity and 
precision were discussed in terms of the position, type 
and length of the chemical bridge linking the steroid 
to the fluorescent dye. 

Neocarzinostatin, an antitumour protein, and 
its antibody have been assayed by FPIA’% with 
fluorescein isothiocyanate as label. For the reaction 

Table 1. Analytical features of the methods reported for the determination of haptens 
by FPIA 

Precision* as 
Dynamic range, coefficient of 

Analyte mg/l. _ variation, % Reference 

N-Acetylprocainamide” 
Amikaci&’ 
Amphetamine’ 
Amylase’” 
Astromicin” 
Barbituratesc 

(phenobarbitone) 
BenzodiazepinesC 

(nordiazepam) 
BenzoylecgonineC 

Carbamazepine”sb 
Cyclosporin”~b 
1 l-Deoxyhydrocortisonea,d 
Digoxina,b 
Disopyramide” 
Flecainide acetatea 
Gentamicina.b 
Hydrocortisonea,d 

Kanamycit? 

Lidocaine” 
LSD’ 
Methamphetamine’ 
Methotrexatea 
Neocarzinostatit? 
Netilmicin” 
Opiates’ (morphine) 
Paracetamol” 
Paraquat 
Phenobarbitone”,b 
Phenytoin”,b 

Primidone” 
Procainamide” 
Quinidine” 
Salicylate” 
Streptomycina 
Theophylline”.b 
Thyroxme” 
Tobramvcin”,b 
Tricyclid antidepressants”,b 

(imipramine) 
Valproic acid” 
Vancomycin” 

O-30 2.64.2 43 
O-50 3.3-7.5 56 
l-80 8.0-l 1.0 163 
O-750 2.WI.5 187 

0.31-25 2.1-2.7 79 

5-200 2.74.6 159 

o-2.4 
o-5 
l-80 
O-20 

2.0-4.1 
2.7-3.6 

10.0-12.5 
1.9-3.9 
3.6-8.8 
9.8-l 1.0 
2.24.8 
3.74.2 
2.5-8.3 
6.3-6.9 
5.8-7.2 
5.5-6.2 
1.8-7.6 
4.44.6 
2.4-3.0 

157 
43 

160 
43 

152, 153 
185 
43 

118 
116 
56 

182 
182 

18 
43 
43 

166 
164 
43 

190 
43 

157 
149 
195 
1541 
15.41 

17 
43 
43 
43 

146 
58 

15.16 
43 
56 

o-1 
5-3000 (x IO-9M) 
(M.005 

0.05-8 
0.15-1.2 

W3 
3-300 (x lo-EM) 

3.2600 (x 10-9M) 
l-16 
&50 
&lo 

0.005~.040 
O-100 
&loo0 (x IO-6M) 

0.05-0.3 
@IO 
@l 
O-800 
&2 
f&80 
&40 
O-100 
&24 
&20 
O-8 
f&800 
(r50 
O-40 
O-0.240 
O-8 

4.6-5.4 
1.8-9.2 

1 
2.3-3.1 
3.0-4.2 
1 .&lo.8 
3.2-6.1 
1.4-1.7 
1.6-2.5 
6.3-15.2 
2.5-4.3 
2.3-3.4 
2.2-2.8 
2.0-3.6 
3.54.8 
1.5-3.0 
3.1-4.9 
4.8-7.9 

O-1 3.2-7.7 155 
Cl50 2.63.7 43 
O-100 204.6 59 

*Between-day data. “serum, bplasma, curine, dsaliva. 
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of varying amounts of antibody with a fixed amount 
of neocarzinostatin, the calibration graph was linear 
up to 15 mgjl. antibody. Neocarzinostatin could be 
determined with a detection limit less than 10-5M. 
Haemoglobin did not interfere, but the high viscosity 
of lipaemic and icteric sera necessitated the use of 
smaller samples, which resulted in poor precision. 
The method gave results in good agreement with 
those of the single radial immunodiffusion assay. 

An FPIA method was developed for the routine 
dete~ination of biopterin and neopterin levels in 
human urine.igl These compounds are coenzymes of 
three aromatic amino-acid mono-oxygenases: phenyl- 
alanine hydroxylase, tyrosine hydroxylase and tryp- 
tophan hydroxylase, which play an important role in 
the biosynthesis of biogenic amines such as cate- 
cholamines and indolamines. The FPIA method re- 
ported for these compounds used ~uore~in-la~lled 
biopterin. The results obtained were compared with 
those from RIA’g2,ig3 and the correlation coefficients 
were 0.93 and 0.96 for neopterin and biopterin, 
respectively. 

Nansel ef ~1.‘~ reported an FPIA method for the 
analysis of cotinine, a nicotine metabolite, in urine. 
The determination involved a fluorescein-labelled 
tracer and its detection limit was 0.1 mg/l. 

Paraquat, a bipyridinium herbicide, has been re- 
cently determinedlgs in serum by an adaptation of a 
commercial FPIA method for digoxin. 

CONCLUSIONS 

A large number of articles on the use of fluor- 
escence polarization in immunoassays have been re- 
ported in a relatively short time. This shows the great 
interest and possibilities of this technique. 

With the advent of micropr~ssor t~hnology, 
improvement in optics and detectors, and advances in 
tracer design and immunological techniques, FPIA 
has now become a practical technique for use in the 
clinical laboratory. It is an acceptable alternative 
to currently available methods and offers some 
advantages over them. 

Aithough FPIA has been mainly used in clinical 
analysis, especially in the monitoring of therapeutic 
drugs, it is logical to assume that this technique will 
be extended to other areas such as environmental and 
food analysis where the immunoassay technique is 
gaining acceptance, thanks to its ability to discrimi- 
nate between free and labelled antigens without the 
need for a prior separation step. 

A summa~ of the tests described is given in 
Table 1, in alphabetical order of the analytes. 
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Summary-In the EDTA titration of manganese(B) with Eriochrome Black T as indicator, the effect of 
formation of 1: 1 and 1: 2 manganese(IIkindicator complexes must be taken into consideration. The 
titration error can be reduced to less than 0.1%. For comparison purpose the titration of zinc(I1) has also 
been studied. 

Except in the early days of EDTA titration’ metallo- 
chromic indicators have generally been used for the 
end-point detection, and a great deal has been pub- 
lished on the theory of titrations in which a 1: 1 
metal-indicator complex is formed2-’ and some re- 
ports consider the formation of a 1:2 complex.‘-I3 
There are few studies, however, in which formation 
of both 1: 1 and 1: 2 complexes is taken into account, 
and the concentration of the indicator is not 
neglected.‘.‘“i2 Eriochrome Black T (BT), an azo dye 
introduced by Schwarzenbach,14 is one of the most 
popular metal indicators. In the EDTA titration of 
manganese(H) with BT as indicator,‘5-18 judging from 
the stability constants2 a 1: 1 metal-indicator com- 
plex is formed at first and a 1: 2 complex as the molar 
ratio of free indicator to free metal increases near the 
end-point. On the other hand, for the EDTA titration 
of zinc(H) with BT the stability constants2 indicate 
that only the 1: 1 metal-indicator complex is formed. 
In the present study the formation of 1: 1 and 1:2 
manganese(II)-BT complexes was taken into account 
and utilized for obtaining an accurate end-point. The 
manganese(H)-BT system was also compared with 
the zinc(H)-BT system. 

THEORY 

We assume that changes of ionic strength, pH, or 
volume during a titration are negligible, at least near 
the end-point. M, Y and A denote a metal ion, EDTA 
and an indicator, respectively. For simplicity, the 
electric charges are generally omitted. C,, C, and C, 
are the total concentrations of M, Y and A, respec- 
tively. Primes denote conditional concentrations or 
constants, involving side-reactions with hydrogen 
ions, hydroxide ion, or anions other than those of 

*To whom correspondence should be addressed. 

EDTA and the indicator. Thus [x7 is defined as 
a,,,[x], where X represents M, Y, A, MY, MA or 

MA2 and xxtr) is the side-reaction coefficient for 
interaction of X with some species Z.2*3 For titration 
of a metal ion with EDTA, the titration fraction a is 
defined as C,/C, . The indicator transition fraction 4 
is defined as [Al/C,. For formation of two 
metal-indicator complexes MA and MA,, equation 
(1) is obtained from the related mass balances.“’ 

p 4 KlACA4 (1 - 4) --~- 
n=l+B$Y(l-f$) PC, f#J 

_ B$A;!Ci4* 1 (l-4) 1 ----- 
CbtPitY PC, 4 GlBi4Y 

(1) 

where the conditional overall stability constants are 
indicated by /I’ and P is equal to /IhA + 24C,B&. 
If the ionic strength, pH and volume are all constant, 
equation (1) is the exact expression for the titration 
curve when both MA and MA2 are concerned in the 
colour change near the end-point. Three cases are 
possible. 

(A) Only MA, is formed. As the terms concerned 
with /3hA are eliminated from equation (1), the titra- 
tion fraction a is given by 

v2 
u=l+(l_‘& M -f2-$(I -4) 

-$y&!$q_f,/, (2) 

M 

where f, and f2 are defined as l/(C, C,/.?&a,) and 

CJL,l/Gv, respectiveiy. The fourth and sixth terms 
in equation (2) can be simplified if CM/lhy>> Ci/?hAI 
and if C, PLY>> 1, respectively. As the fourth and 
sixth terms in equation (2) are negligible throughout 
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a titration under the experimental conditions used in 
this paper (see Results and Discussion), equation (3) 
can be derived: 

a=1_(l-4)h 
~?++$-&(l-~) (3) 

M 
Equation (3) represents the theoretical titration curve 
when a metal ion forms only MA2 with an indicator; 
f, and f2 determine the shape of the titration curve 
before and after the end-point, respectively. 

At the inflexion point of equation (3), equation (4) 
is deduced from 62a/642 = 0: 

44% = (1 - 4)3(3 - d)fi (4) 

Only one solution of equation (4) always exists in the 
range 0 c 4 < 1. By defining the titration fraction 
and the indicator transition fraction at the inflexion 
point as a, and 4,. respectively, equation (5) is 
obtained: 

a =,_(1-~,)(-2+4~,-~~)f 
I 

24: 
I 

-cA(l -41) (5) 
LLM 

Since the tangent at the inflexion point is expressed 
by equation (6a) with the slope at the point 
(6a/64)4_4, [equation (6b)], the titration fraction 
a+, (or a& at the intersection of the tangent at the 
inflexion point with r#~ = 1 (or 4 = 0) can be calcu- 
lated from equation (6c) or (6d) as appropriate. 

W 

(6b) 
a~=, = 1 + (1 - CM2 (4 - 41)f 

4: ’ 

a4=o=‘- I 

(4: -2y; + 6lA 2CrM (64 

Hence 

a+,1 -a+=, &__!&+~ 
I M 

VW 

(B) Both MA and MA2 are formed near the end- 
point. By defining another parameter 5 as flbA/B&Y, 
(but even ifh is defined as l/(CM@bA), similar treat- 
ment is available), the titration fractioy a is expressed 
as 

__c^LL(l_& 4 
a=1+2fiQ(,-,) C,2fiQ 

(7) 

where Q is equal to cf3/2f2) + r#~. The fourth, sixth, 
and eighth terms in equation (7) can be simplified if 

Chlbk>>CAi%A~ CMkY>>C%AZ and cM8hu>>lT 

respectively. As the fourth, sixth, and eighth terms in 
equation (7) are negligible through the whole titration 
under the experimental conditions used in this work 
(see Results and Discussion), equation (8) can be 
derived: 

a=l_&l(1-4)+2fQ 4 
2Q 4 2 (l-4) 

-%(I _$!$t!! (8) 

M 

which represents the theoretical titration curve when 
a metal ion forms MA and MA, with an indicator. 
Equation (8) for the titration curve after the end- 
point is similar to equation (3) because the concen- 
tration of MA, becomes larger than that of MA. 
Therefore it is f2 that mainly governs the shape of the 
titration curve after the equivalence-point. f,f2/f3 de- 
termines the shape of the titration curve in the region 
where the concentration of MA is far larger than that 
of MA,; with increasing MA2, f, has a great influence 
on the titration curve. Such discussions on the contri- 
butions of additive terms in the function of a titration 
curve have been summarized by Kotrly and co- 
workers. “J~J~ 

(C) Only MA is formed. The well known equation 
(9)2.3,5 is used: 

a=l-i!$!2f;+ q&f;-$1 -4) (9) 

where S; and f; are defined as l/(C,jhA) and 
j3hA/bhY; f; has the same definition as f3. 

EXPERIMENTAL 

Apparatus 
An AT-118 automatic titration apparatus (Kyoto Elec- 

tronics, Kyoto) equipped with a 20-ml piston burette was 
used. A calibration test with water demonstrated that the 
burette had good linearity and accuracy within 0.001 ml 
throughout (after the correction for buoyancy). The density 
of solutions was determined with a DA-1OlB automatic 
densimeter (Kyoto Electronics). Colour changes of the 
indicator were measured photometrically with a P-l 11 opti- 
cal fibre dip-type sensor (Kyoto Electronics) which can be 
used to measure absorbances at wavelengths longer than 
co. 500 nm, and the output signals due to the changes were 
simultaneously sent to a computer (PC-9801, NEC, Tokyo) 
via an RS-23X interface. The light-path for the photo- 
metric titrations was 2 cm. The pH was determined with a 
COM-10 pH-meter (Denki Kagaku Keiki Co., Tokyo). The 
temperature of the titrand solution and the titrant was 
maintained at 25 + 1”. A UV-360 spectrophotometer 
(Shimadzu, Kyoto) was used for the measurement of 
absorption spectra. 

Reagents 
Water was purified by isopiestic distillation of demineral- 

ized water. Reagent-grade chemicals were used unless 
specified otherwise. Standard BT, sodium salt for spectro- 
photometric studies, was obtained from Dojindo Labora- 
tories, Kumamoto. On the basis of a preliminary check with 
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a thermobalance (model 8089-A2, Rigaku, Tokyo), the BT 
was dried for several hours at 110” before use. According to 
Diehl and Lindstrom” the _E;‘&, value for pure BT dimethyl- 
ammonium salt at pH 10 is 656 at 620 nm, which 
corresponds to a molar absorptivity of 3.143 x 104 
l.mole-’ .cm-‘. The absorbance for the BT used in the 
present work was 1.150 (at 620 nm, pH 9.7) for a 
3.961 x 10-5M solution (this concentration was based on 
assumption of 100% purity of the BT). Since the difference 
of the absorbance at pH 9.7 from that at pH 10 is very 
smalLzO the purity of the BT used could be estimated to be 
92%. It had been synthesized from 2-amino-1-naphthol and 
6-nitro-4-sulpho-2naphthol by the diazo coupling method: 
according to Dojindo Laboratories the main impurities 
seem to be the raw materials. It is believed that the 
side-reaction coefficients can be neglected. 

Manganese and zinc standard solutions were prepared by 
dissolving ca. 1 g of high-purity manganese (99.99%, Cerac, 
USA) or zinc (99.99%, Sumitomo Metal Mining Co., 
Tokyo) in nitric acid and diluting to 1 kg with water. The 
high-purity metals were cleaned with ethanol, acetone and 
hydrochloric acid to remove any grease and oxide. The 
concentrations prepared were calculated with correction 
for buoyancy. About 0.1 g of BT was dissolved in 100 ml 
of anhydrous methanol containing 0.9 g of hydroxyl- 
ammonium chloride; this solution can be stored without 
decomposition of the BT.*’ EDTA solution (ca. O.OlM) was 
prepared by dissolving 3.72 g of disodium ethylenedi- 
aminetetra-acetic acid, dihydrate (Dojindo Laboratories) 
and diluting to 1 litre with degassed water. 

Titration procedures 

Manganese(U). Ten g of 0.017m standard manganese 
solution was weighed into a 300-ml beaker, 60 ml of water, 
5 ml of 144M hydroxylammonium chloride, and 2 ml of 
1.5lM triethanolamine were added, and the solution was 
degassed under reduced pressure. The pH was adjusted to 
9.55 with 7.4M ammonia solution. Enough of a 9 g/l. 
solution of hydroxylammonium chloride in methanol was 
added to give a total volume of methanol of 2 ml after 
addition of the methanolic BT solution. The beaker walls 
were rinsed with 5 ml of degassed water. The solution was 
titrated with O.OlM EDTA, the absorbance being monitored 
at 650 nm, which is near the wavelength of the absorption 
maximum of free BT, and is the wavelength at which the 
change in absorbance at the end-point is greatest. Under 
these conditions the pH was 9.45 near the end-point. The 
titration was finished within 10 min after addition of the BT 
solution. The blank value was less than 0.002% of the 
titration volume. 

Zinc(II). Ten g of 0.017m standard zinc solution was 
weighed into a 300-ml beaker, 65 ml of water were added 
and the solution was degassed under reduced pressure. Two 
ml of ammonia (844M)-ammonium chloride (1.3lM) 

buffer were added and the pH was adjusted to 9.70 with 
7.4M ammonia solution and 0.2 g of L-ascorbic acid was 
added. The same procedure as for manganese(I1) was then 
followed, starting with the addition of methanolic hydroxyl- 
ammonium chloride solution. The pH was 9.45 near the 
end-point, and the blank value was less than 0.004% of the 
titration volume. 

RESULTS AND DISCUSSION 

Stability of BT and its complexes 

Since BT tends to be oxidized in alkaline aqueous 
solution the effect of reducing agents on the stability 
of BT and its complexes was examined (Table 1). The 
absorbance was monitored at 650 and 550 nm for BT 
and its complexes, respectively. For the zinc(I1) sys- 
tem 0.2 g of L-ascorbic acid could prevent free BT and 
its zinc complex from being decomposed, but for the 
manganese(I1) system decomposition was unavoid- 
able. However, from simulation of a titration curve 
for a system containing 0.5 g of hydroxylammonium 
chloride and taking 10 min for completion of 
the titration, it was found that the influence of the 
decomposition was very small; in particular, the 
equivalence-point error due to the decomposition was 
less than 0.01%. 

Least -squares treatment of absorbance data 

The BT-complex absorptivity at 650 nm is about 
14% of that of the free indicator. Hence 0 cannot be 
directly obtained from absorbances in the case of 
manganese(I1). The absorbance E of the solution 
being titrated is expressed by 

E = cA’ [A’] + cMA’ [MA’] + cMAi [MA;] (10) 

where .E~, 6MA’ and cMAZ are the apparent molar 
absorptivities of A’, MA and MA; under the experi- 
mental conditions, respectively: each E value is con- 
stant throughout a titration if changes of pH and 
volume are negligible. According to Kijrbl and 
PI-ib#* the spectral change caused by complex for- 
mation with a metallochromic indicator results from 
the change in the electronic configuration of the 
indicator itself. With several kinds of o-hydroxyazo 

Table 1. Rate of decrease (%/min) of absorbance of BT and its complexes in the presence of 
reducing agents at ca. 25 + I”* 

Zinc(I1) Manganese(I1) 

Reducing agent? Free BT§ ComplexJ Free BT$ Complext: 

None - 0.03 - 
Hydroxylammonium chloride, 0.5 g 0.15 0.03 - 0.12 0.36 
Hydroxylammonium chloride, 1 g 0.15 - 0.13 
Hydroxylammonium chloride, 2 g 0.15 - 0.04 0.35 
L-Ascorbic acid, 0.1 g 0.06 - - 
L-Ascorbic acid, 0.2 g -0 -0 - precipitation 11 
L-Ascorbic acid, 0.4 g - - - precipitation )I 

*Initial rate for C&/C, = 7.6 x lo-’ or Car/f& = 5.2 x IO-’ (C,, = 8.8 x 10m6M). 
TQuantity per 100 ml of solution. 
§At 650 nm. For the solution composition at 4 = 1 (see text). 
$At 550 nm. For the solution composition at the start of titration (see text). 
I[L-Ascorbic acid was added together with 0.5 g of hydroxylammonium chloride. 



1206 AWHARU HIOKI et al. 

indicators, including BT, it is known that the ampli- 
tudes of the absorption spectrum of MA, are twice 
those of the spectrum of MA.8.23.24 Supposing 

CM.& = 2&‘1 equation (10) becomes: 

E = eA, [A’] + eMA’ ([MA’] + 2[MA;]) 

=E,4 +E,(l -4) (11) 

where E,, and E, are the absorbances at C#J = 0 and 
4 = 1, respectively. E,, was obtained by extrapolation 
of the absorbances during the early period of the 
titration to the end-point. Absorbances can thus be 
converted into C$ values. It is always possible to find 
a wavelength at which the condition eMIAi = 2e,,. is 
fulfilled. 

An inflexion point characterized by a, and 4, and 
the tangent at this point can be calculated from 
empirical titration data near the point, by approxi- 
mation as a curve of the third order. Thus a+, - agCo 
is obtained experimentally. Since f, and f2 can there- 
fore be determined by means of equations (4) and 
(6e), the difference between the inflexion point 
and the equivalence-point (a = 1) is estimated from 
equation (5). 

By definition of the titration fraction a as 
v/(u, + c,), where u is the volume of EDTA solution 
added, and u, and (a1 + cr) are the values of v at the 
inflexion point and the equivalence-point, respec- 
tively, equation (8) becomes 

*_fiV-~)+2fQ 4 
2Q 4 2 U-4) 

-$(I _,,@Q2,4) (~I+4 (12) 
M 

Though the volume at the inflexion point has been 
adopted as the value of 0, for convenience, an 
arbitrary location for vi can be selected for the 
analysis of a titration curve. As 4 is obtained from 
the absorbance data, a titration curve can be analysed 
by a non-linear least-squares method25s26 applied to 
the four parameters c, , c2, c,, and c~, where c, = f i13, 
c2 = f :I3 and c, = f :j3. Then fi , f2, f3 and c3 are 
determined by minimizing Z((u - I+)(?@/~u)~}~. Al- 
though the sum of squares of residuals on 4 should 
be minimized because the error of 4 is far larger than 
that of u, such a calculation is not easy. Hence the 
sum of squares of residuals on C$ was converted into 
that of the residuals on v by multiplying the latter by 
the weight (&#J/&),. Analysis with equations (3) or 
(9) can be done similarly. The simplex method27-2g can 
also be used for analysis by equation (12). Unfortu- 
nately the calculation by this method often does not 
converge on a single value, though it can directly treat 
the sum of squares of residuals on 4. 

Manganese(U)-BT system 

The titration data for this system were analysed 
with equation (8). Typical titration results are repre- 
sented in Fig. 1. The curves calculated with the 

I I 

1 

w 
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a 

Fig. 1. Photometric titration curves for manganese(I1). The 
lines for a = 1 in Figs. I and 3 show the equivalence-Points 
calculated with equations (8) and (9), respectively. 0, 
C&,, = 3.39 x 10-j; A, CBT/CMn = 6.77 x lo-‘; 0, 
C,/C,, = 1.129 x 10m2. CM, = 1.625 x 10m3Mat the equiv- 
alence-points. The arrows in Figs. 1 and 3 indicate the 
inflexion points. The curves were calculated with the 

parameters obtained. 

parameters obtained successfully expressed the 
experimental results. Therefore the assumption of 
6 MAi = 2~~~ (ode supra) seems to be reasonable. The 
inflexion point was calculated from the experimental 
data near it, with the approximation as a curve of the 
third order. The dependences, on the indicator con- 
centration, of the EDTA concentrations calculated 
from the inflexion point and from the equivalence- 
point obtained with equation (8) from the titration 
data near the point are shown in Fig. 2. As the second 
value is independent of the indicator concentration, 
the calculation with equation (8) seems to be reason- 
able. Judging from the stability constants of the 
manganese(II)-BT complexes2 it is forecast that the 
indicator complex is mainly MA2 near the inflexion 
point, under the experimental conditions used. Thus 
the equivalence-point was also calculated with equa- 
tions (5) and (6e) from the inflexion point: since f, can 

I I 

1.004 - 

1.010 - 
I I 

0 5 10 

103+T/Cyn 

Fig. 2. Dependence (on indicator concentration) of the 
EDTA concentrations obtained by the three methods, 
for the manganese(B)-BT system. CM, = 1.625 x lo-‘M 
at the equivalence-points. 0, calculated from the in- 
flexion point; A, calculated from the equivalence-point by 
equation (8); 0, calculated from the equivalence-point by 

equation (6e). 



EDTA titration of manganese(B) 1207 

Table 2. Stability constants estimated from the EDTA 
titration of manganese(B) with BT as indicator (see text for 

titration conditions; *indicates the standard deviation) 

IO’ x G&r& log Bhtv log B”a log BM& 
2.25 12.3 9.1 17.7 
3.39 12.4 9.1 17.4 
4.52 12.6 9.1 16.9 
6.77 12.9 9.1 16.5 
7.90 13.2 9.2 16.7 
9.03 12.7 9.0 16.5 

11.29 13.0 8.5 16.7 
mean mean mean 

12.7 + 0.3 9.0 + 0.2 16.9 + 0.5 

be calculated from equation (6e) with 4,) which can 
be obtained from the empirical titration data, a, is 
obtained from equation (5). As shown in Fig. 2, the 
correction by this method was not sufficient, because 
the contribution of the 1: 1 manganese(B)-BT com- 
plex to the colour change near the inflexion point 
could not be completely neglected. 

The side-reaction coefficients under the experimen- 
tal conditions were calculated from the stability 
constants2.M.3’ of the ammine complexes, triethanol 
complexes, chloro complexes, etc.: aYtHj = 6.25, 
aAtHj = 73.6, aMCzj = 4.02, a MA(Z) = aMY = aMA2(Z) - - 1. 
The three stability constants (Table 2) for this system 
could be derived from the parameters obtained by the 
analysis with equation (8) and the side-reaction co- 
efficients. The values of log flhly, log jIMA and log PuAZ 
reported in the literature are 13.81,32 9.6,2 and 17.6,2 
respectively. Each stability constant in Table 2 is 
independent of the indicator concentration used 
and agrees well with the value in the literature, 
if allowance is made for the difference in ionic 
strength and the errors in the side-reaction co- 
efficients. This again confirms that the calculation 
with equation (8) is valid. According to the values of 
fi , fi andf, obtained, the approximation in equations 
(3) and (8) is apparently reasonable for this titration 
system. 

Zinc(II)-BT system 

The stability constants of the zinc(IIEBT com- 
plexes’ indicate that in the zinc(II)-BT system MA2 

1 

x 

0.5 

0 
0.990 0.995 1.000 1.005 

a 
Fig. 3. Photometric titration curves for zinc(I1). 0, 
ca*/cz. = 3.39 x 10-r; A, C&z, = 6.77 x 10-3; 0, 
car/c,, = 1.129 x 10-z. Cz, = 1.700 x 10-‘M at the 

equivalence-points. 

0 
0 

1.010 - 
I I 

0 5 10 

103~~T/CZ" 

Fig. 4. Dependence (on indicator concentration) of the 
EDTA concentration obtained by the two methods for the 
zinc(II)-BT system. Cz, = 1.700 x lo-)M at the equiva- 
lence-points. 0, calculated from the inflexion point; A, 

calculated from the equivalence-point by equation (9). 

is hardly formed at all. Hence the titration data for 
the system were analysed with equation (9). Typical 
titration results are represented in Fig. 3. The curves 
calculated from the parameters obtained satisfac- 
torily explained the experimental results. As expected 
from the theory the indicator transition fraction at 
the inflexion point is independent of the indicator 
concentration; this is different from the case for 
manganese(I1). The inflexion point was calculated by 
the same method as that used for manganese(I1). The 
dependence, on the indicator concentration, of the 
EDTA concentrations calculated for the inflexion 
point and for the equivalence-point with equation (9) 
from the titration data near that point is shown in 
Fig. 4, and shows that the use of equation (9) is 
reasonable. In that equation, only the term 
CA(l - 4)/C, depends on CA, and for CA<< Chl will 
be negligible. As r$ at the inflexion point in this system 
is independent of CA both theoretically and experi- 
mentally, the purity of the BT could be rather roughly 
estimated from the slope of the dependence of the 
inflexion points on CA. An apparent purity of 
106 f 11% was obtained from Fig. 4. The difference 
between the effects of the indicator concentration on 
the EDTA concentrations calculated from the inflex- 
ion points in the manganese and zinc systems results 
from the difference in the composition of the com- 
plexes formed near the inflexion points. 

As in the case of manganese(I1) the side-reaction 
coefficients under the experimental conditions were 
calculated: ayCHj = 6.25, aA = 73.6, aMcZj = 
1.50 x 105, aMA = aMyCzl = 1. From the parameters 
obtained by analysis with an equation analogous 
to (12) [f; = (3.13 f 0.42) x 10e4 and f; = 
(5.42 + 1.70) x lO-5] and the side-reaction co- 
efficients, two stability constants for this system 
could be derived. As each stability constant (log 
buy = 16.5 + 0.10 and log jIMA = 13.3 f 0.06) is inde- 
pendent of the indicator concentration and agrees 
with the value in the literature, log /&,ry = 16.44,32 and 
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log klA = 12.9,* the calculation with equation (9) is 
evidently valid. 

The concentrations of the EDTA solution calcu- 
lated for the equivalence-point by means of equations 

(8) and (9) for manganese and zinc are 
1.0055 x lo-*M (relative standard deviation 0.03%) 
and 1.0047 x lo-*A4 (rsd 0.04%) from Figs. 2 and 4, 
respectively. The difference between the two is not 
significant in view of the uncertainty in the atomic 
weight of zinc (0.03%))) and the error in weighing the 
high-purity metals (ca. 0.02%). The precision of 
analysis as established in this study reduces the error 
for the equivalence-point of a titration to less than 
0.1% and will be particularly important in the case of 
micro-titration. 
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Saaaaary-A new approach for selection of a suitable solvent system as a medium for non-aqueous 
acid-base titration is proposed. The essence of the approach is the development of a new criterion called 
“effectivity”. The latter is based on consequences of the Breasted and Izmailov acid-base theories and 
represents a quantitative measure for improving or worsening the titration conditions of acids and bases 
in non-aqueous solvents as compared with water. The “effectivity” E is given by the relation 
E = ApK, - ApK where ApK, is the difference between the logarithmic values of the autoprotolysis 
constants of water and the solvent in question, and ApK is the so-called medium effect. The latter is a 
constant value which shows that acids and bases with the same charge alter their strength to the same 
extent when transferred from water into a non-aqueous solvent. The medium effect is calculated by 
statistical treatment of a great number of acid-base constants determined experimentally both in water 
and the non-aqueous solvent in question. The effectivity of the solvents most often used in non-aqueous 
acid-base titrimetry, detennined by this approach, shows that in many cases these solvents offer significant 
advantages over water, but drawbacks are also observed. Some limitations of the approach are discussed. 
Special attention is paid to dimethylsulphoxide and its mixtures with water, which prove to be highly 
effective media for the acid-base titration of many substances. 

Acid-base titrimetry is one of the commonest meth- 
ods for determination of substances with acid-base 
properties, but is restricted owing to the limited 
solubility of many organic substances in water. The 
applicability of the method is greatly extended by 
using solvents other than water, the so-called non- 
aqueous media, which include a great number of 
organic solvents, and their mixtures with each other 
or with water. Depending on their properties, non- 
aqueous media can strengthen or weaken the acid or 
base properties of an analyte, increase or suppress its 
solubility, alter complex formation with metal ions, 
etc. In other words, non-aqueous media increase the 
scope of chemical reactions as a whole, and acid-base 
titrations in particular. 

Acid-base theory mainly refers to aqueous media, 
but interest in non-aqueous media has recently in- 
creased. However, non-aqueous titrimetry is still at 
an empirical stage. Solvents are generally chosen by 
trial and error, and information concerning a given 
solvent, titrant, indicator, etc. is often contradictory. 

The aim of the present paper is to propose a new 
approach to choice of a non-aqueous solvent system 
for acid-base titrations, based on the theory devel- 
oped by Bronsted and extended by Ixrnailov. Some 
aspects of the approach were given preliminary expo- 
sition earlier’ and some positive comments2 encour- 
aged further exploration, described here. 

THEORY 

According to the Brransted theory,’ the strength of 
an acid, expressed as its pK,-value, is determined by 

the expression 

PK = PK,” - PK&+, - 
e2NA (z, - 1) 

2 3RT6r (1) 
B 

where pK: is the intrinsic acidity constant, defined 
for a medium with an electric permittivity 6 tending 
to infinity, pK&,+, is the intrinsic acidity constant 
of the solvated proton in the same medium, and 
e, N,, r,, R and T are the charge on the electron, 
Avogadro’s number, the effective radius of the ion 
(a) in solution, the gas constant and the absolute 
temperature, and z, is the charge on the acid 
molecule. 

As seen from equation (1), which is similar to that 
obtained by Wynne-Jones for relative acidity con- 
stants,4 the strength of an acid in a solvent (S) 
depends on four factors: (i) the intrinsic acidity of the 
acid; (ii) the intrinsic basicity of the solvent; (iii) the 
charge type of the acid; (iv) the electric permittivity. 

Combining the constants in equation (1) gives 

ma - 1) 
pK,=A -E 

where 

and 
A = PK,” - PK&+, 

B = e*N,/2.3 RTr,. 

Interesting consequences follow from equation (2) 
for the properties of acids with different charges, for 
instance z, = + 1 (denoted as BH+ acids, e.g., NH:) 
and z, = 0 (denoted as HA acids, e.g., CH,COOH), 
when their pK,-values are plotted as a function of l/6. 

TAL 34,1*-o 
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In the first case equation (2) takes the form pK,, = A, 

so a line parallel to the abscissa is obtained, whereas 
in the second case the equation becomes 
pK, = A + B/c and a straight line with slope B is 
obtained (see Fig. 7.3 in Ref. 1). In simple terms, the 
strength of BH+ acids does not depend on the electric 
permittivity of the medium, but the strength of HA 
acids decreases with decrease in the electric permit- 
tivity. These differences can be explained by consider- 
ing the equilibria 

BH+ + S+B + SH+ 

HA + S+A- + SH+ 

where in the first reaction the number of charges 
remains the same, whereas in the second, two new 
charges are formed. A medium with lower electric 
permittivity* will impede the formation of new 
charges, so HA acids will be weakened, in contrast to 
BH+ acids. This basic difference between the two 
types of acid, BH+ and HA, is usually overlooked in 
non-aqueous acid-base titrimetry. 

The Brsnsted equation can also be applied for 
comparing the p&-values of the same acid in two 
different solvents. The case of water and another 
amphiprotic solvent is of special interest. The differ- 
ence between the values of equation (2) for the two 
solvents yields 

APK, = pK,s, - pK~e-~~o) = P%?H,o+) 

-pK&+, - B(z, - 1) i - & 
[ 1 (3) 2 

Because of the constancy of the terms on the right- 
hand side in this equation, the value of ApK, is also 
constant for an acid of a given charge. Equation (3), 
rewritten as 

PK~W = APK, + P&H~OJ (4) 

is again a linear equation with intercept ApK, and 
slope + 1. This is a fundamental expression in the 
present treatment. The most important conclusion to 
be drawn from equation (4) is that acids with the 
same charge alter their strength by the same amount 
when transferred from water into a non-aqueous 
solvent (regardless of their intrinsic strength). Obvi- 
ously this constant difference is due to the influence 
of the medium. That is why the ApK,,-value is 
called the medium effect,’ and this has been verified 
experimentally many times6 by plotting pKatH20) vs. 
pKa,,s, to find the intercept ApKB (see Fig. 2). Devi- 
ations from the straight line and the slope of 1 have 
also been observed. It has been noticed that the 
deviations are greater when the acids differ widely in 
nature. It has also been observed that the effect is 
greater when the two solvents differ in properties.“8 

*Usually non-aqueous media have an electric permittivity 
lower than that of water. 

HA Stondord state Intaroctions 

1 ,,$+;+ A--S, Electrostatic 

;, H+.S, ,’ 

‘-/ / Acid -bow 

HA.& Molecular 

Fig. 1. Schematic presentation of the interactions in the 
Izmailov concept. The part encircled with a dashed line 

shows the Brmsted concept. 

Izmailov proposed a more exact acid-base theory 
in which additional interactions not considered by 
Bronsted were discussed. He rejected the hypothetical 
medium (em) and chose a vacuum as the standard 
state for the transfer of the acid into a medium M 
with electric permittivity eM. Ixmailov also took into 
consideration two more interactions (ion-dipole and 
molecular) and obtained an expression which we will 
not discuss in detail. A schematic presentation of the 
processes (Fig. 1) aims to illustrate the differences 
between the two concepts. 

This figure shows that, when transferred from the 
standard state into a medium, an HA acid dissociates 
into ions. The interaction with the medium is purely 
electrostatic and can be considered by means of the 
Born theory. The proton is then solvated and 
acid-base interactions are considered. According to 
Izmailov, two further interactions take place in the 
system, and are shown outside the dashed circle: (i) 
solvation of the anionic part owing to ion-dipole 
forces (and hence electrostatic) and (ii) direct solva- 
tion of the HA molecules as the result of molecular 
forces [the adducts considered are HA. S,, 
H + . A - . S, , (HA), . S, , etc.]. It should be pointed out 
that the two additional interactions introduced are 
specific for different types of acid, so according to the 
Ixmailov approach the ApK, -value should change for 
acids of different nature. A very important conclusion 
can be drawn from this: since the ion-dipole forces 
are much stronger than the molecular forces, the 
main contribution to the fluctuation in ApK, is due 
to these forces. This point will be used later. 

In a series of papers Izmailov7-Lo confirmed that 
this theory explains in a better way the experimental 
verification of the medium effect, but unfortunately, 
some quantities included in his basic equation cannot 
be determined easily, so his theory cannot be directly 
verified experimentally. 

OUTLINES OF THE APPROACH 

The aim of this paper is to develop a new approach 
to choosing media for acid-base titrimetry. Some 
authors’1-‘3 have attempted to develop such criteria, 
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but these required all the equilibrium constants to be 
known in advance. Ixmailov,“’ for example, defined 
a so-called “titration constant” 

Kr = KJK (5) 

where Ka is the acid dissociation constant of the 
analyte, and k; is the autoprotolysis constant of the 
solvent. 

The greater the value of KT, the larger the equiv- 
alence region of the titration curve, and the better are 
the conditions for the analysis. As mentioned already, 
this approach is of little value, since a set of pK,- 
values for the analyte in a series of non-aqueous 
solvents must be known in order for a choice to be 
made. 

Because. of this difficulty, it is easy to see why the 
empirical approach for choice of solvents has become 
popular, namely that acids are better titrated in 
solvents having basic properties and bases in acidic 
solvents. It will be shown later that this rule has many 
exceptions, one of which is dimethylformamide 
(DMF), recommended for the titration of acids.‘S’8 

The essence of the present approach we define as 
the “effectivity” of the solvent (E). We will show that 
effectivity is a quantitative measure of the gain or loss 
in precision when acids and bases are titrated in a 
non-aqueous solvent instead of water. An essential 
difference from the existing criteria is that the effec- 
tivity can be used in practice without any preliminary 
knowledge of pK,-values. Thus, effectivity is a 
quantity connected with the properties of the solvent 
and not the conditions in a particular titration. 

We define effectivity by the expression 

E.(s) = APK, - APK.,,, (6) 

where Eaa is the effectivity of a solvent,* (and is a 
constant for a definite charge type of acid); ApK, is 
the difference between the logarithms of the autopro- 
tolysis constants of water and the solvent; and ApK,,,, 
is the medium effect. 

To illustrate the physical meaning of E, an example 
will be given. Methanol is widely used as a non- 
aqueous medium for titration of HA acids. In order 
to evaluate this solvent as a medium for the titration, 
the effectivity is calculated from equation (6). The 
first term Apk; is easily found since it is the difference 
between the logarithms of the two autoprotolysis 
constants, i.e., 

The difference is positive, and this is favourable. It 
also shows that the pH-scale of methanol is 2.9 units 
longer than that of water. The second term, ApK,,, the 
medium effect, causes some difficulties since it must 
be found by statistical evaluation of available exper- 
imental data. However, there is no lack of availability 
of pK,-values in methanol and water. Figure 2 shows 

*Note that E is a logarithmic analogue of K,, but quite 
different in sense. 
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Fig. 2. Plot of pKHA(a20j against ~&~,,a, for 81 acids of 
various nature. The intercept gives the medium effect. 

a plot of a set of 81 constants (from the literaturelSzl) 
for acids which vary considerably in nature. Most of 
the pK,,-values lie on a straight line with a slope very 
near to that required by Brransted theory [see equa- 
tion (4)]. The intercept determined by least-squares is 
pK, = 5.27 (&0.09), i.e., 

In simple terms, this result shows that when trans- 
ferred from water into methanol, all HA acids are 
weakened by a factor of lo’.‘. Of course, this effect is 
unfavourable for the acid-base titration curve be- 
cause the equivalence region is shortened by cu. 5 pH 
units. This unfavourable effect is partly offset by the 
longer pH-scale of methanol, and the exact evalu- 
ation is done by using equation (6), i.e., 

EmcMeOHj = 2.9 - 5.3 = -2.4 

The value obtained shows that the equivalence 
region of the titration curve is shortened by 2.4 pH 
units compared with that in water. Despite this 
unfavourable effect, methanol is frequently used with 
success as a medium for titration of acids that are not 
very weak, especially acids that are more soluble in 
methanol than in water. 

In the second example, we will discuss a case in 
which the effectivity has a positive value: the titration 
of a charged base with Z = - 1, viz. the conjugate 
base A- of the acid HA. In this case the medium 
effect is connected with that in the first example, since 
the pK-values of an acid and its conjugate base are 
related by 

PK.,,, + PKWS, = PK, 

It is not difficult to show that the combination of 
this equation with its analogue for water leads to the 
expression 

APKWS, = APK, - APK,,,, (8) 
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Hence the medium effect for A- is 

APK,_~~,,,, = 2.9 - 5.3 = -2.4 

This result clearly shows that the strength of a base 
of type A- is increased by this transfer. Obviously 
this effect is favourable for non-aqueous acid-base 
titration, and is also reinforced by the longer pH- 
scale of methanol. The quantitative expression of this 
statement is given by the effectivity 

EA- (M~OH) = APK, - APK,- (MeOH) 

= 2.9 - (-2.4) = 5.3 

i.e., the titration conditions for A- bases are consid- 
erably better for methanol than for water, since the 
equivalence region of the titration curve is longer by 
cu. 5 pH units. 

At this point some discussion is needed about the 
effectivity values obtained. In the first case 
EHAcMeOH, = -2.4 and EA_tMd3H, = 5.3 in the second. 
It can be seen that these values are the same as the 
medium effects, but refer to the opposite conjugate 
acid-base partner, viz. ApKu,o,, = EA-(MaH) = 5.3 
and ApK,_ o,eOH, = EHAtMdlHj = - 2.4. This finding 
makes sense chemically, since it is known that if an 
acid is weakened by a transfer from one solvent to 
another, the conjugate partner is strengthened to the 
same extent [cf: equation (7)] and vice versa. Effectiv- 
ity could thus be redefined by an expression that 
includes only the medium effect of the conjugate 
acid-base partner: 

&,(s) = APKWS, (6’) 

and 

(6”) 

These expressions are easily obtained by substituting 
equation (8) into equation (6). 

Since effectivity should be evaluated for both 
the acid and the base forms of a conjugate system, the 
two equations (6’) and (6”) have little value and 
the full equation (6) should be used; moreover ApK, 
is an accessible constant. 

As seen from the two examples discussed, the 

*The aprotic dipolar solvents can accept but not donate 
protons. 

tMany authors consider DMSO to be an amphiprotic 
solvent. The lyate ion of DMSO (the dimsyl ion), 
however, has an extraordinary reactivity. It can be 
preserved only with great difficulty.23 
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Fig. 3. Titration curves of amidopyrine in acetonitrile with 
increasing water content. 

proposed approach gives a straightforward method 
for selecting the best solvent for the titration of a 
substance possessing acid-base properties, provided 
that values for the effectivity of a number of non- 
aqueuous solvents have been determined. 

Table 1 gives the effectivities found in such an 
investigation, for the most popular solvents used in 
non-aqueous acid-base titrimetry. A positive sign 
shows lengthening and a negative one shortening of 
the equivalence region of the titration curve, com- 
pared with that in water. It should be noted that the 
figures presented are approximate, and some dis- 
crepancies are to be expected owing to some factors 
to be discussed in the next section. 

In Fig. 3, the unfavourable effect of water present 
in acetonitrile (AN) in the titration of an uncharged 
base-amidopyrine-is shown. Unfortunately, in 
normal laboratory work it is not easy to remove 
traces of water, and these greatly shorten the pH- 
range of the so-called dipolar aprotic solvents such as 
AN, DMF and dimethyl sulphoxide (DMSO)*. An- 
other unfavourable circumstance is the lack of suit- 
able titrants for use in some of the solvents discussed. 
For instance no base is strong enough to produce 
lyate ions in AN, DMF and DMSO,? so the titration 

Table 1. Effectivity of the most used organic solvents in acid-base titrimetry, for 
differently charged acids and bases 

Acids Bases 

Solvent PK, HA BH+ B A- 

Methanol (MeOH) 16.9 -2.4 +1.8 +l.l f5.3 
Ethanol (EtOH) 19.5 -0.2 +4.4 +l.l i-5.7 
Dimethylformamide (DMFA) 18.0 -2.9 +4.7 -0.7 +6.9 
Dimethyl sulphoxide (DMSO) 30.0 + 10.0 + 10.4 +5.6 +6.0 
Acetonitrile (AN) 26.0 -3.0 +4.6 +7.4 + 15.0 
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curve for acids will be shortened in the alkaline region 
with these solvents. 

Special attention must be paid to DMSO as a 
solvent for the titration of protolytes of all charge 
types, bearing in mind that lyate and lyonium ions as 
titrants are available in this solvent. Unfortunately 
DMSO is extremely hygroscopic,” and this consider- 
ably decreases the effective values of the properties 
discussed. Nevertheless the data are useful and they 
will be discussed further. 

From Table 1 it follows that (excluding DMSO) 
none of the solvents discussed offers any advantage 
for titration of the uncharged HA acids. Hence, 
non-aqueous solvents are used only in the case of low 
solubility. DMSO and ethanol are to be preferred to 
AN and DMF in this case, because the lyate ions are 
available in these solvents. The titration of the 
cationic BH+ acids is very advantageous in all non- 
aqueous solvents but especially in DMSO and 
ethanol. The titration of uncharged B bases can 
usefully be performed in AN and DMSO, but the 
difficulties already discussed are encountered when 
these solvents are used. If the base is not too weak, 
alcohols are recommended, especially methanol (in 
which hydrogen chloride provides lyonium ions). The 
titration of the negatively charged A- bases is highly 
favoured in all non-aqueous solvents. 

LIMITATIONS OF THE APPROACH 

Effectivity results from a complex combination of 
equilibrium constants, which have to be determined 
experimentally, so their values are accompanied by 
an uncertainty which we will assume is known. From 
statistics, the confidence interval of the effectivity can 
be calculated. However, it is our opinion that this is 
useless, for reasons which will be discussed. 

As already mentioned, the inevitable traces of 
water have an unfavourable influence on both 
acid-base and autoprotolysis constants (the pK- 
values decrease). Hence, to obtain a more realistic 
value for the effectivity, higher pK-values should be 
avoided when the available data are collated (as done 
for Table 1). 

The second problematic element in the present 
approach relates to the constancy of the medium 
effect (ApK,). It has been convincingly shown that the 
medium effect is constant in the case of the 
methanol/water combination. The plot of PK,,~~.,,, 
vs. pK,,,(,,,, is linear, with a low dispersion and a 
slope close to that predicted by the Brransted theory. 
Unfortunately, the dipolar aprotic solvents do not 
behave in this way. An illustration of this is shown in 
Fig. 4, where experimental data collected by Korolev 

*CH-acids have an “active” hydrogen atom attached to a 
carbon atom. 

tNote that the BH+ acids belong to different chemical 
groups: secondary and tertiary amines, aromatic amines, 
etc. 
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Fig. 4. Plot of p&o,,, against pK+oJ for 25 HA and 5 
BH+ acids. Lines: I-carboxylic acids, II-phenols, III- 
nitroanilines, IV-CH-acids, V-ammonium acids (BH+). 

et al.” are presented for 25 HA acids in water and 
DMSO. It can be seen that the data for the HA acids 
of different chemical types (carboxylic acids, phenols, 
nitroanilines and CH-acids*) lie on different straight 
lines with different slopes (~1 = 1.5-2.5). In this case 
equation (4) takes the form 

PKHAOMSO, = WIAOMSO, + ~PKHA~,,o, 

Thus, neither the intercept nor the slope is constant 
for all the 25 HA acids considered. The effect, which 
is not an isolated case, obviously complicates the 
interpretation of effectivity. It is interesting to show, 
however (again, see Fig. 4), that the data for 5 BH+ t 
acids lie on a line with a slope of 1. The differences 
observed between the two acids HA and BH+ are 
easily explained, keeping in mind the following: (i) in 
water the ion-dipole interactions of both A- and 
BH+ species involve hydrogen bonding; (ii) since 
DMSO can accept but not donate protons, only the 
BH+ species is able to form hydrogen bonds by 
solvation. The A- species is solvated by means of 
purely electrostatic ion-dipole forces. Localization of 
the charge in A- (which is specific for the different 
chemical groups) has a noticeable influence (actually 
an entropy effect) so the different behaviour of the 
various chemical groups can be explained logically. 

In conclusion it should be repeated that effectivity 
data presented in Table 1 should be used with 
caution. In some cases the data can be confirmed in 
practice, in others not. Greater deviations are ex- 
pected with dipolar aprotic solvents, and the acids 
HA and bases A-. 

FURTHER DEVELOPMENT OF THE APPROACH 

From the data presented in Table 1 it seems that 
the most promising solvent for non-aqueous 
acid-base titrimetry is DMSO, because the effectivity 
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Fig. 5. Response time for establishment of pH equilibrium 
(+0.003) for a glass electrode in different DMSO/water 
mixtures (Radiometer G 202B and Ag/AgCI electrodes). 

of this solvent is positive for all the protolytes 
discussed. Other properties of DMSO are also 
attractive for analytical practice: (i) excellent solvent 
ability for organic and inorganic substances; (ii) low 
toxicity; (iii) suitable viscosity; (iv) relatively high 
electric permittivity, thus tending to inhibit homo- 
and heteroconjugation processes (the latter compli- 
cate titrations);% (0) almost odourless. Some short- 
comings should also be mentioned: (i) when very 
pure, DMSO is hygroscopic; (ii) the lyate ion of 
DMSO is not suitable as a basic titrant; (iii) owing 
to differentiation effects, some complications arise 
when the effectivity of HA acids is interpreted. 

The use of DMSO was investigated in this labora- 
tory in order: (i) to prove in practice the predicted 
favourable effectivity; (ii) to modify the properties of 
the solvent which complicate the inte~retation of its 
effectivity. 

Since accurate data were needed the potentiometric 
technique with a glass electrode was chosen. Prelim- 
inary information confirmed that the glass electrode 
behaves badly in pure DMSO, so steps were taken to 
modify the solvent. The first and natural idea was to 
use water for this purpose. Addition of water was 
intended not only to improve the pH-response of the 
glass electrode, but also to suppress the differentiat- 
ing effect of DMSO towards HA acids (or A- bases). 
Since water molecules have greater dipole moments 
than DMSO, a negatively charged base, A-, will be 
preferentially solvated by water rather than DMSO 
molecules. Hydrogen-bonding forces are dominant in 
this solvation, so the establishment of a levelling 
effect seems probable. 

The experimental work concerned stepwise reduc- 
tion of the water content in DMSO, starting at 20%. 
Details have been published earlier,‘7-3z so here only 
the part referring to low content will be discussed. 
Figure 5 shows some data concerning the response 
time of the glass electrode in a medium consisting of 
4, 3 and 2% of water in DMSO. It can be seen that 
the pH-response is the slower the more alkaline the 
medium is and the lower the water content. Also, the 
autoprotolysis constant (p&K,) of the mixture de- 
creases unfavourably as the water content increases. 
We considered the 3% water-DMSO mixture to be 
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Fig. 6. Plot of pK-values in the studied DMSO/water 
mixture and in water for 56 differently charged acids and 

bases. The intercepts give the medium effects. 

the most suitable, since a 2-3 min wait for equi- 
librium in the alkaline region seemed acceptable. The 
p&-value of this mixture, which corresponds to a 
pH-scale of length 24.5 units, was found to be suitable 
for acid-base titrations. Also, we found that when 
kept in an ordinary laboratory bottle, this mixture 
does not alter its water content over at least a 
6-month period. 

By use of a direct potentiometric method for the 
dete~ination of acid-base constants in non-aqueous 
solvents,33 the pK-values of 56 protolytes having 
different charges and of different chemical types 
(mainly drugs) were investigated in the medium in 
question. The corresponding pK-data for water were 
found in the literature.‘~” If no data were available, 
the same method was used in water. For sparingly 
soluble substances a modified method was used.H The 
data collected and determined in these investigations 
are presented in Fig. 6. In contrast to the data for the 
HA acids in pure DMSO (Fig. 4) all the HA data now 
lie on the same line, with slope near to 1. Conse- 
quently the expected levelling effect is found in this 
mixture. The same is observed with the other types of 
protolytes (A-, BH+ and B). 

It is easy to summarize the results obtained, since 
now the effectivity in the 3% water/97% DMSO 
mixture can be evaluated as was done for methanol. 
Table 2 lists data on the effectivity of the 
DMS&water mixture, from which it can be con- 
cluded that this medium is very suitable for acid-base 
titrations of many substances. It should be noted that 
addition of water results in the loss of some useful 

Table 2. Effectivity of the mixed DMSO/H,O solvent for 
differently charged acids and bases 

Acids Bases 

HA BH’ B A- 

i-5.0 + 9.4 fl.1 +5.5 
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Fig. 7. Theoretical titration curves of sulphoguanidine in 
DMSO/water mixture and in water (full lines). The experi- 

mental data are shown with open circles. 

properties of pure DMSO (e.g., the pII-scale is 
shorter). Nevertheless the mixture has many practical 
advantages over pure DMSO: (i) stable alkaline 
titrant solutions can be made; (ii) easy maintenance; 
(iii) achievable effectivity; (iv) accurate pH-response 
of the glass electrode cell. 

Some illustrations of the predicted and actual 
effectivity of the DMSO/water mixture are perhaps 
useful, to show the utility of the proposed approach 
in practice. Since the HA acids are the most interest- 
ing case in the present treatment, a titration of a very 
weak acid (in water), namely sulphoguanidine, will be 
discussed. The acid constant of this acid in water, 
pKD(nIOj = 13, shows that this substance could not be 
titrated at all in water (even if it were soluble). 

As shown in Fig. 7, however, owing to the positive 
effectivity of the DMSO/water mixture (+5), 
sulphoguanidine can be titrated quite precisely in this 
medium. The theoretical titration curves in the mixed 
medium and in water are drawn in the figure with full 
lines by use of a graphical method for construction of 
titration curves.35 The experimental points in the 
DMSO/water medium lie very close to the theoretical 
curve, which is constructed on the basis of the 
medium effect. Since the titration curve in water has 
no inflection point, the effectivity achieved in practice 
can be measured from the value of ApH between the 
two buffer regions before and after the equivalence 
point in the DMSO/water mixture. It is interesting to 
note that the effectivity observed is very near to that 
predicted (see Fig. 7). 

As predicted from the data in Table 2, another 
highly effective titration is that of the BH+ acids. 
Figure 8 shows the titration curve of atropine sul- 
phate; the advantage in using non-aqueous solvents 
rather than water is obvious. The effectivity achieved 
in practice, which is given by the difference between 
the two ApH buffer regions in the DMSO/water 
mixture (APH,,,~~,“~ = 11) and water (ApHHzO = 1.5) 
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Fig. 8. Theoretical titration curves of atropine sulphate in 
DMSO/water mixture and in water (full lines). The experi- 

mental data are shown with open circles. 

is very near to that predicted: 11 - 1.5 = 9.4 (c$ 
Table 2). 

In conclusion it can be stated that effectivity is a 
new, quantitative and useful criterion, which can find 
wide application in non-aqueous acid-base titrim- 
etry. 
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Summary-Equilibration of sediments with cation-exchangers results in a transfer of loosely bound labile 
metal species to the exchanger phase. Dissolution of the matrix is also promoted and selectivity rules 
suggest that some of the cations released (particularly Ca) could effectively compete with metal ions for 
exchange sites. This potential source of error has been evaluated by studying synthetic mixtures of Ca2+ 
and other metal ions (Cu*+ , Pb*+ , Cd *+ , Zn*+ ) and by analysis of two calcium-rich wastes (a calcine and 
a jarosite). The ion uptake most influenced by calcium competition was that of zinc; uptake of lead was 
least affected. For minimum error, i.e., optimum transfer of “available” or “labile” metal ion, the level 
of free Ca*+ introduced into the solution should not exceed 300 mg/l., and the amount of exchanger added 
must provide an excess of exchange sites relative to the amount of cations released from the sample. By 
use of exchangers of different types it is possible to attempt some classification of the labile metal content, 
e.g., acid-displaced, exchangeable, salts of weak acids. 

For determining the available level of anionic nutri- 

ents (such as phosphate ions) in soils, equilibration 
with anion-exchangers has been recommended,‘” since 
this process may represent more closely the action of 
root systems. A similar argument could apply to metal 
released in equilibration with cation-exchangers, and 
by using exchangers of different types it might be 
possible to subdivide the labile metal content into 
categories such as exchangeable, displaceable by acid, 
weak-acid salts and chemisorbed on moderately 
soluble matrix components. The use of a series of 
ion-exchangers for evaluating the lability of metal 
ions present in sediments has recently been 
examined,4 and found promising but needing further 
investigation before organization into a speciation 
scheme. One particular problem requiring resolution 
was the competitive role of calcium ions released 
through partial dissolution of sediment components. 

As noted in reference texts5*6 prolonged agitation of 
sparingly soluble compounds with ion-exchangers 
can result in total dissolution of alkaline-earth metal 
compounds such as calcium carbonate, or the 
sulphates of calcium and barium. Among the factors 
that influence the kinetics of the process are the 
solubility product and age of the salt, the relative 
affinity of the cations for the exchange sites, the ratio 
of water and of resin to salt, the rate of stirring and 
the temperature. The H+-form of sulphonated resin 
exchangers reacts more rapidly than other counter- 
ion forms, and it has been proposed5 that the rate of 
dissolution of insoluble compounds in the presence of 
an excess of a strong-acid exchanger tends to be very 
slow unless the magnitude of (KSp)‘lu is > lo-’ [where 
KsP is the solubility product of the solid, and v is the 

number of ions formed]. Dissolution of solids in the 
presence of Na+-form chelating resins can be more 
rapid, because most cations have a high affinity for 
these functional groups. 

The capacity of H+-form strong-acid exchangers to 
dissolve sparingly soluble salts has been used for 
selective removal of carbonate minerals from clays’ 
and selective dissolution of carbonate phases in 
lacustrine sediment.* 

It was shown in a recent study9 that exchanger 
materials can greatly enhance the solubility of cal- 
cium fluoride and other sparingly soluble fluorides, 
the degree of dissolution being determined largely by 
the number of exchanger sites introduced and the 
affinity of the cations for them. An investigation of 
the ability of cation-exchangers to mobilize metal 
ions presorbed on calcium carbonate has showni 
that the same generalization applies, and that dissolu- 
tion of the substrate plays an important part in the 
release process. As calcium carbonate is the salt of a 
weak acid it was thought that there would be greater 
uptake of Ca2+ by weak-acid exchangers than by 
strong-acid exchangers but only marginal differences 
were observed between resins having sulphonic or 
carboxylic acid functional groups. In general, the 
amount of calcium found in the resin phase corre- 
sponded to S-14% of the original carbonate matrix. 
Direct acid attack added to the amount of Ca*+ 
released by H+-form exchangers, but it has been 
reported” that the degree of dissolution of calcite in 
any acidic medium is controlled by the amount of 
acid added, the partial pressure of CO2 in solution, 
the equilibrium Ca2+ value and the presence of 
metal-ion coatings [e.g., sorbed Cd’+ or Pb2+ ions 
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reduced the amount of substrate dissolved by 0.5M 
hydrochloric or acetic acid (or 0.05M EDTA) by 
25-35%]. 

In the study of sediment metal lability it was 
observed4 that some of the zinc displaced on addition 
of exchanger materials was not sorbed by the ex- 
changers. This was initially attributed to the zinc 
being released in a non-labile form (e.g., as colloidal 
basic salts), a conclusion consistent with an earlier 
study” which found that not all of the metal ions 
released from sediments by chemical solutions were 
necessarily “ASV labile”. 

The probability of zinc being incompletely sorbed 
by the resin because of competition for exchange sites 
by other cations (e.g.% Ca*+) could not be totally 
eliminated, however, because the selectivity sequence 
for sorption of bivalent cations by sulphonated resins 
has been reported to be Ba>Pb>Ca>Cd> Cu 
> Zn > iVlg.6q’3 Though such listings are useful guid- 
lines, it is also recognized that generalized patterns 
should be applied cautiously. Theoretical and experi- 
mental studies have established that ion-exchange 
selectivity patterns can be strongly dependent on pH, 
ionic strength, degree of cross-linking in the polymer, 
external solution concentrations and mole fraction of 
cation in the resin phase. Detailed studies of specific 
exchange systems (e.g., Zn*+, Na+ exchange) have 
led to models for the prediction of ion-exchange 
selectivity over a fairly wide range of composition 
ranges.‘3-17 

In brief, any factor that influences the water con- 
tent of a resin exchanger phase affects individual 
selectivity values and can result in relative affinity 
changes. For example, the selectivity value for ex- 
change between trace Zn*+ and O.lM Ca*+ is re- 
ported to vary from < 1 to >2 when the degree of 
polymer cross-linking changes from ~4% to higher 
values (e.g., 8-16%).” 

In sediment studies, the solution concentrations of 
competing cations can be determined by the solubility 
of the components and exchange kinetics. If dissol- 
ution proceeds more rapidly than the exchange pro- 
cess, significant levels of free cation may build up, and 
the system can then be simulated by studying the 
transfer of low levels of metal ion to exchanger 
materials, in the presence of varying amounts of 
competing cation (e.g., Ca*+). This approach has 
been used in the investigation described in this paper. 
For comparison purposes the exchanger-transfer 
technique has also been used to analyse two calcium- 
rich industrial waste materials (a calcine and a 
jarosite), systems in which the predominant calcium 
species is not the carbonate. The solubility product of 
the most soluble calcium compound present should 
determine the maximum solution level that may 
develop (e.g., 600 mg/l. from calcium sulphate). At 
the same time, as continual dissolution of matrix 
compounds requires the equilibrium to be disturbed 
by removal of cations (by the exchanger), the solution 
levels of component cations are likely to be much 

lower than the predicted maximum during the inter- 
action period. In the limiting case where exchange 
proceeds much faster than dissolution, the solution 
levels of competing cations (e.g., Zn*+, Ca*+ ) would 
remain very low. 

EXPERIMENTAL 

Substrate samples 

Calcine. This is the residue left after metal sulphide 
concentrates have been heated to +. looo”. The sample 
studied was predominantly iron oxide (_ 50% Fe) contain- 
ing 3% Zn, 1.3% Pb, 1.1% acid-soluble Ca, 0.4% Cu, 0.2% 
Mn and some Cd (70 pp/g). 

Jarosite wastes. These, formed during removal of iron 
from oxidized zinc concentrate leachates, are predominantly 
a basic iron potassium sulphate [e.g., KFe&O,),(OH), j. 
The sample studied had an iron content of -19%, an 
acid-soluble Ca content of 6.9% and appreciable amounts 
of heavy-metal ions, namely Zn (4.3%) Pb (l.S%), Mn 
(0.4%), Cu (0.1%) and Cd (250 pg/g). 

Ion-exchange materials 

Ten different cation-exchangers were used (as received) in 
the evaluation study. Most had a polystyrene matrix and 
were monofunctional. Five had sulphonate functional 
groups and the three brands used in the Na + -form (Duolite 
C26C, Zerolit 225 and Dowex-50) have been coded as Exl, 
Ex2 and Ex3. The other two were used in the H+-form 
(Amberlite IR 120 and Duolite C26TR, code symbols SAl 
and SA2). The three exchangers possessing carboxylate 
functional groups (Zerolit 236 WAl], Zcocarb 216 [WA21 
and Amberlite IRC-50 [WA3]) were also used in the H+ 
form. Two chelating resins were included in the test series 
(coded as Chl and Ch2) and these possessed either iminodi- 
acetate or aminophosphonate functional groups with Na+ 
as the counter-ion. The pH of aqueous suspensions of the 
exchangers used ranged from -2.5 @Al, SA2) to -10.5 
(Chl, Ch2), with the weak acid materials (WAl, WA2) 
having values of -4.5. 

Standard test solutions 

Standard metal solutions (Cd, Cd, Pb, Zn) were pur- 
chased from B.D.H. and appropriate volumes of these were 
used in the preparation of the AAS calibration standards 
and for preparation of standard metal ion/calcium nitrate 
mixtures. 

A stock solution of calcium nitrate (Ca 1 g/l.) was 
prepared from the analytical grade salt and suitable volumes 
were taken to provide test solutions containing up to 600 
mg/l. calcium. 

Analytical measurements 
A Varian AA 875 atomic-absorption spectrometer was 

used to determine the heavy-metal and calcium contents of 
the various test solutions. An air-acetylene flame was used 
for the Pb, Cu, Cd or Zn measurements and a nitrous 
oxide-acetylene flame was used for calcium measurements. 
Appropriate hollow-cathode lamps and wavelength settings 
were used for each element. Comparison tests confirmed 
that the presence of up to 300-fold ratio of calcium had no 
significant effect on the slope of the calibration plots for Cu, 
Cd, Pb or Zn (in the O-10 mg/l. range). 

Procedure 

The relative atfmity of the bivalent cations for the various 
exchangers was examined by “spiking” standard metal 
solutions (2, 5 or 10 mg/l.) with various amounts of Ca*+ 
(0, 200, 400, 600 ma/l). 

Each solution was-stirred overnight (to ensure equilibrium 
was reached, with 200 ma of resin (500 or 1000 ma in 
comparison studies). The aqueous phase was then anal&d 
for both calcium and heavy-metal ion content. 
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In the waste-product study, 200-mg quantities of resin 
were weighed into containers made from rigid plastic (N 2 
cm long, 1 cm i.d.) closed at both ends by polyester material 
(_ lOO-mesh pores) held in place by plastic rings. These resin 
containers were added to vials containing 500 mg of calcine 
or jarosite and 25.0 ml of water. Bach vial was capped, and 
placed in an end-over-end mixer for 15-20 hr. At the end of 
this equilibration period, the resin container was raised to 
allow the internal aqueous phase to drain back into the vial. 
The vial contents were then centrifuged to settle the waste 
product prior to AAS analysis of the supematant liquor for 
Pb, Cu, Cd, Zn, Ca, Mg, Fe, Al and Mn content. The AAS 
technique measured the total element content left in the 
aqueous solution phase, that is, the sum of unsorbed metal 
ion, non-labile metal complexes and metal-rich colloidal 
particles. 

The isolated “cages” were washed with water (to remove 
adhering suspension) and were then immersed in 25 ml of 
0.05M EDTA in fresh clean vials. Overnight mixing (to 
extract cations sorbed on the resin) was followed by analysis 
of the EDTA extract for the same series of cations. After 
draining of the internal solution the resin containers were 
extracted with a second 25 ml of EDTA solution, in order 
to confirm the effectiveness of the metal-ion recovery pro- 
cess. Only hydrated cations (derived from soluble salts or 
labile complexes) are prone to uptake by the resin exchang- 
ers, hence the analytical values obtained for the EDTA 
extracts reflected the degree of displacement of labile species 
from the jarosite or calcine. The degree of matrix attack 
promoted by the presence of the exchanger materials (by 
proton release or cation abstraction) was indicated by the 
amounts of Ca, Mg, Fe, Al and Mn detected in the 
suspension aqueous phase and the EDTA extracts. 

RESULTS AND DISCUSSION 

Calcium/zinc separation factors 

The experiments conducted with mixtures of cal- 
cium and zinc nitrates confirmed several expectations. 
For example, uptake of zinc (present at 2 or 10 mg/l. 
level) by sulphonated exchangers was nearly quanti- 
tative whilst there was ample excess exchange capac- 
ity available to take up the calcium present (cJ 
segments A and B in Fig. 1). For the weak acid resins, 

uptake of both calcium and zinc remained low at the 
system pH (cf. segments C and D in Fig. 1). With the 
sulphonate resins (capacity -2 meq/g) calcium did 
not interfere at levels ~300 mg/l. Above this level, 
the distribution with sulphonated resins could be 
described by a relationship such as the separation 
factor, LY = [(Ca)R][Zn]/[(Zn)R)][Ca] N 2.5. Expressed 
in a different way, from a mixture initially containing 
2 mg/l. Zn and 400 mg/l. Ca, about 80% of the zinc 
was sorbed by the resin. With an initial Ca level of 
600 mg/l., the Zn uptake dropped to about 50% of 
the total. 

The corresponding separation factor for the weak 
acid resins was about 0.5. That is, in the presence of 
Ca2+, only small fractions of the added zinc were 
taken up by resins having -COOH functional 
groups (e.g., ~40% by resins WA1 and WA2). The 
affinity of zinc for resin WA3 was even lower (cf. 
segments D and C, Fig. l), and in the presence of 
calcium less than 20% of the zinc was sorbed. 

Adding more resin (e.g., 0.5 or 1.0 g) usually 
increased the threshold for onset of significant Ca*+ 
competition, as shown by the exchange data for the 
Zn-Ca systems (columns a, b, c) summarized in 
Fig. 1, segments A-C (In this diagram the percentage 
of initial zinc left in the aqueous phase has been 
plotted as a function of initial calcium addition and 
weight of resin added). 

The equilibrium levels of calcium in solution were 
determined by the distribution equilibrium and the 
number of exchange sites available (i.e., the weight of 
resin added). As indicated by the data in Tables 1 and 
2, the sorbed calcium was not readily recovered by 
extraction with EDTA, and several successive extrac- 
tions were required for total recovery. This was due 
in part to the lower conditional stability of the 
Ca-EDTA complexes at the extraction pH, and in 
part to the limited chelating capacity of the extractant 

.i loo r(A) (Bl 

Y - 75l- 

“,tabc LL drL 
0 200 400' 600 0 200 400 600 

Calcium level tmg /l.) 

Fig. 1. Effect of calcium ions (0-600 me/l.) on the percentage of initial zinc content (2 or 10 mg/l.) not 
taken up by ion-exchange resins of different types of forms. A, Strong acid, H+-form; B, strong acid, 
Na+-form; C, D, weak acid; WA2 and WAl, WA3, H+-form. Varying weights of exchanger (a, 200 mg; 

b, 5OOmg, c, I g) added to 25 ml of Zn2+/Ca2+ mixture. 
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(N 1.25 mmole/25 ml, a value similar to the exchange 
capacity of 200 mg of most resins). The amount of 
zinc retrieved by a single EDTA extraction, on the 
other hand, was >95% of the total zinc taken up by 
the exchanger resins. 

These competition studies demonstrated that for 
samples having relatively high soluble calcium levels, 
at least a gram of resin (i.e., twice the sample weight) 
should be added if the object is to distinguish between 
“labile zinc content” and dispersed non-labile species 
released from the matrix by partial dissolution. 

As noted earlier, with weak acid resins uptake of 
calcium was preferred to that of zinc, but neither 
saturated the resin at pH 4. In alkaline solutions this 
limitation does not apply, and in a study of metal ions 
sorbed on calcium carbonate it was notedlo that the 
weak-acid exchange resins retrieved more of each of 
the metal ions than did the other exchangers exam- 
ined, and also attracted a slightly greater amount of 
calcium. 

Calcium-copper, cadmium or lead distributions 

Copper, lead and cadmium were all more strongly 
sorbed than zinc by the sulphonate functional group 
resins. With the exchangers in both H+ and Na+ 

forms, uptake of cadmium and lead was total (2 and 
5 mg/l. metal ion solutions, and 200 mg of resin) in 
the presence of up to 400 mg/l. calcium. For copper 
(5 mg/l. in a 400 mg/l. calcium solution) sorption was 
only about 75% complete on 200 mg of resin but 
complete with 500 mg. With 600 mg/l. calcium and 
200 mg of resin, uptake of all three metal ions was 
incomplete (as shown by Fig. 2A) but sorption again 
became nearly complete when the weight of resin was 
increased to 500 mg. With a 2 mg/l. lead solution 
all the metal ion was sorbed and the presence of 
600 mg/l. calcium resulted in -95% sorption from 
5 mg/l. lead solution. The apparent separation factors 
(based on equilibrium Ca*+ and Cu2+ or Cd2+ values) 
were similar to those for the zinc distributions, e.g., 
CI was -2.0 for Cu/Ca and N 1.2 for Cd/Ca. The high 
affinity of lead for the sulphonated resins led to a 
smaller a value (~0.15). These trends are consistent 
with the selectivity sequence quoted at the beginning 
of the paper. 

The distribution behaviour with the weak-acid 
resins was completely different, as shown by Fig. 2B. 
The competitive effect of calcium was less marked 
with exchanger WA2, but with all three carboxylate 
resins a high percentage of both calcium and the 

Table 1. Effect of ion-exchangers on the release of heavy metals and 
matrix elements from a calcine sample 

Transferred to 200 mg of resin phase*, pgcglg 
Element and 

extract number SA 1 & 2 Ex l-3 WAl&2 Chl&2 

Cdt 
§Pb 1 

2 
cu 1 

2 
Zn 1 

2 
Fe 1 

2 

eM:; 
Mg 1 

QCa : 
2 

15 15 
3200 3400 

120 120 
1050 370 

50 n.d. 
3900 5000 

190 190 
4300 200 

900 210 
580 n.d. 

2000 2800 
50 140 
45 55 

3800 3900 
4000 4600 

15 
3000 

190 
1000 

55 
1400 

60 
1400 
100 
110 
190 
70 

n.d. 
5800 
1800 

15 
3000 

50 
650 

nd. 
4800 

240 
150 
750 

n.d. 
2100 

40 
n.d. 
4700 
1600 

Element 

Cd 
Pb 
cu 
Zn 
Fe 
Al 
Mn 
Mg 
Ca 

DH 5.68 

Residual concentration in aqueous phase& mg/l. 

SAIL2 Ex 1-3 WAl&2 Chl&2 

n.d. n.d. n.d. n.d. 
4.5 1.5 4.5 1.0 

12 0.6 7 n.d. 
42 3.5 74 0.9 
28 n.d. 1.6 0.5 

1.5 nd. 2.5 2.2 
3.3 1.0 13 1.5 
3.9 0.7 13 3.7 

36 8 150 110 

2.1 5.8 3.8 6.6 

*Mean value for resin type. 
tNone detected (n.d.) in second extract. 
§Wide variation in results, between resins of same type. 
$Value x 50 = pg released per g of calcine (based on 0.5 g sample in 

25 ml of water. 
T[For aqueous suspension of calcine. 
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Table 2. Effect of ion-exchangers on the release of heavy metals and matrix 
elements from a jarosite sample 

Transferred to 200 mg of resin phase,* pg/g 

Element SAl&2 Ex l-3 WAl&2 Ch1&2 

Cdt 10 10 15 25 
Pbt 180 n.d. 60 40 
Cut 20 n.d. 110 65 

$Zn 1 2200 3000 2600 8500 
2 140 110 115 50 

Fe 1 540 70 225 55 
2 140 210 215 100 

Al 130 n.d. n.d. 75 
Mnt 230 230 110 100 
Mgt 75 70 40 65 

QCa 1 6000 8800 5400 2600 
2 6100 6200 2150 1100 

Residual concentration in aqueous phaset, mg/i 

Element SA1&2 Ex l-3 WA1&2 Ch1&2 

Cd 0.8 0.7 0.7 0.1 
Pb 3.3 1.6 2.0 0.9 
cu 3.4 n.d. 1.2 n.d. 
Zn 220 160 160 11 
Fe 21 n.d. 0.7 1.0 
Al 3 n.d. 0.9 2.5 
Mn 15 13 16 10 
Mg 12 14 20 9 
Ca 600 590 590 600 

PH 6.31 2.0 6.2 3.6 6.1 

Symbols as for Table 1, except 7, which refers to 0.5 g of jarosite in 25 ml of water. 
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other metal ion was left in solution. This led to 

calculated separation factors (a) of -0.005 (WAl, 
WA3, Pb); 0.1 (WAl, WA3, Cu); 0.02 (WA2, Cu); 
0.15 (WAl, WA3, Cd) and 0.03 (WA2, Cd). Increas- 
ing the amount of resin present did not markedly 
change the distribution pattern. 

In some respects the use of these resins in the 
H+-form was an error of judgment, since the results 
describe the behaviour in systems where the pH is 
about 4-5. At higher pH (i.e., with the Na+-form or 
in the presence of anions of another weak acid), the 
uptake of metal ion would have been much greater. 
However, in sediment studies, the weak-acid type of 
exchanger has been used to simulate weak-acid attack 
(releasing weakly sorbed metal from the sediment) 
and to collect metal present as salts of weak acids 
(e.g., humates). Under these circumstances, a knowl- 
edge of the interaction between these materials and 
metal ion/calcium ion mixtures was considered im- 
portant. The weak-acid exchangers took up only 
2-8% of the calcium present in the mixtures, which 
contrasts strongly with the behaviour of the 
sulphonated resins where uptake was limited only by 
the exchange capacity of the exchanger. Thus, as 
shown in Fig. 2C, only about 8% of the calcium in 
a 400 mg/l solutions was not sorbed, and -30% for 
a 600 mg/l. solution. 

Calcium in sediments 

The significance of these comparison studies for 
work on sediments becomes more apparent from 

consideration of the levels of calcium ion likely to be 
found in sediment suspensions. For ten salt-water 
lake sediments recently examined, the calcium de- 
tected in aqueous suspensions was < 10 mg/l.; with 
1mM acid extraction the levels were still ~70 mg/l. 
Even with higher acid concentrations, the concentra- 
tion of total calcium released did not exceed 200 mg/l. 
Higher levels are possible if a waste sample contain- 
ing much acid-soluble calcium compound (e.g., 
slaked lime) is treated with excess of acid. For 
example, addition of 1 g of H+-form exchanger 
(2 meq/g capacity) to 100 ml of suspension could then 
yield a final Ca ‘+ level of 400 mg/l. In other words, 
with > 1% calcium in the sample the magnitude of 
the interference effect will be influenced by the 
amount of H+-form resin added and the volume of 
suspension. With 200 mg of sulphonate resin added 
to 25 ml of suspension, the Ca*+ displaced by protons 
could reach -300 mg/l., but even at this level the 
interference with metal uptake should be minimal. 
Increasing the amount of added resin to 0.5 g/25 ml, 
on the other hand, could introduce enough protons 
to yield a Ca2+ level >800 mg/l. (assuming the 
suspension contains 0.5 g of sediment with >4% Ca). 
This would reduce the metal-ion uptake to a fraction 
of the initial level in solution. It may be noted at this 
point that for total dissolution of carbonate phases in 
lacustrine sediments containing 5-70% carbonate 
minerals, Deurer et al.* agitated 0.5-g samples with 
4-5 g of H+-form strong-acid type exchange resin. 
With Na+-form exchangers, increasing the weight of 
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resin used should prove advantageous, since the mmole) but more than the expected labile fraction 
enhanced total exchange capacity would remove wa- (-0.20 mmole). In selecting the weight of resin to be 
ter-soluble calcium species (tending to eliminate Ca2+ used, it was assumed that dissolution of the matrix 
interference and still leave sites for metal ions). The (releasing Fe, Al, Mg, Ca) would be minimal, but the 
Na+-form should also attract only loosely bound data in Tables 1 and 2 indicate that this assumption 
(exchangeable) labile metal ions. was not valid. 

Matrix dissolution-waste materials 

The levels of Pb, Zn, Fe and Ca present in the 
calcine and jarosite samples were much higher than 
previously encountered when using polluted sedi- 
ments, and the prediction that matrix elements could 
adversely affect transfer of metal ions to the various 
resin exchangers proved to be true. As shown in 
Tables 1 and 2, significant amounts of heavy-metal 
ions and dissolved matrix were detected in the 
aqueous phase after equilibration with the exchanger 
materials. Most of the exchangers had an exchange 
capacity of around 2 meq/g (i.e., M2+ 1 mmole/g) and 
with the experimental conditions used (200 mg of 
resin, 0.5 g of waste) the amount of labile M2+ which 
could be taken up was equivalent to around 0.40 
mmole per g of waste. This capacity was less than the 
total heavy-metal content of the samples (-0.70 

Though a large part of the matrix species detected 
in the aqueous phase may have been present as 
dispersed colloids or stable non-labile complexes, the 
amounts detected in the EDTA extracts (that is, 
initially released as hydrated ions or labile complexes) 
were relatively large. Dissolution of iron and alu- 
minium compounds was greatest in acidic media, 
whereas reduction of manganese species to more 
soluble forms was favoured by alkaline conditions. 
The pH of the resin/waste system, however, had little 
effect on the amount of calcium or magnesium re- 
leased. These two alkaline-earth metal cations occu- 
pied from half to two thirds of the available exchange 
sites. With the calcine, about 90% of the total 
acid-soluble calcium (N 1.1%) was either sorbed or 
present in solution. With the double sulphate salt, 
jarosite, the amount of Ca2+ found in solution at 
equilibrium (~600 mg/l.) corresponded to the solu- 
bility of calcium sulphate. 
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Fig. 2. Effect of calcium ions (-0 mg/l.) on the percentage of initial copper, cadmium or lead content 
(2 or 5 mg/l.) not sorbed by 200 mg of ion-exchangers of different types. A, Strong acid exchangers in 
either H+- (a, b) or Na+-form (c, d), in presence of O-200 (I), 400 (II) or 600 (III) mg/l. Ca2+; values 
approach zero when 500 mg of resin is used. B, Weak acid exchangers, H+-form, in presence of various 
Ca2+ additions, (e) WA1 and WA3, (f) WA2. Responses sensitive to initial M*+ content (e.g., 5 mg/l. 
dashed line, 2 mg/l. full lines). (Pb totally sorbed except for 5 mg/l. Pb*+/600 mg/l. Ca2+ system 12% left 
in solution). C, Percentage of initial calcium content not taken up by 200 mg of strong-acid or weak-acid 
exchanger resins in presence of Pb (l), Cd (2) or Cu (3) (2-5 mg/l.) and initial Ca*+ levels of 200 (I), 400 

(II) or 600 (III) mg/l. 
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The total amount of cation sorbed by most of the 18% of the total zinc content. In acidic media (resins 
resins was around the predicted 0.40 mmole per g of SAl, SA2, WAI, WA2) the combination of resin 
waste. Two major exceptions were resins WA1 and phase plus aqueous levels yielded a slightly higher 
Chl (total capacity = 0.20 mmole per g of waste). The value (~5.9 mg/g) but a lower proportion of this 
smaller number of sites available on resin Chl was (particularly with WAl, WA2) was actually sorbed 
balanced by a higher affinity of metal ions for this by the resin. Uptake by the H+-form sulphonate 
material but the smaller capacity of the weak-acid resins was probably impeded by the high levels of 
cation-exchanger (WAl) was reflected in lower iron and aluminium released from the matrix; with 
transfer of lead and zinc ions to this resin. exchanger WA2 uptake of calcium was preferred. 

It was found that the first EDTA extract retrieved 
only about 95% of the metal ion sorbed by the 
exchanger. (This recovery figure was similar to the 
value found for standard aqueous solutions.) In many 
cases the amount retrieved in the second EDTA 
extract was smaller than the detection limit of the 
analytical technique and has been reported as “none 
detected” in Tables 1 and 2. 

Labile metal content of calcine 

The calcining process should have ensured that all 
iron and manganese was present as the stable higher 
oxides, but four resins of different types (SA2, Ex2, 
Ex3 and Ch2) each sorbed more than 3 mg/g Mn, and 
H+-form sulphonate resins released lO-15% of the 
total iron content. This suggests that exposure to 
moisture and carbon dioxide has resulted in partial 
conversion of the oxides into hydroxide and/or 
carbonate species. 

Except when resin WA1 was used, no cadmium 
was detected in the aqueous phase (i.e., all the cation 
released was sorbed) and most exchangers indicated 
that the labile cadmium content was 15 pg/g (i.e., 
about one fifth of the total content). 

Labile metal content of jarosite 

Transfer of lead to the exchanger phase was more 
or less independent of the type of exchanger. The 
highest results indicated a labile lead content of 
around 3.75 mg/g (about 30% of total content) in the 
calcine. If it is then assumed that the lead left in the 
aqueous phase would have been sorbed if more resin 
had been used (or if there had been less competition 
for sites) the “labile” lead value becomes closer to the 
4 mg/g found with the chelating resin Ch 1. The lower 
values found with exchangers SAl, WAl, Ex3 and 
Ch2 cannot be attributed to any single factor, but 
contributory factors may be high iron uptake (SAl), 
low total capacity (WAl) and high system pH (Ch2). 

The jarosite results (Table 2) indicate that this 
material had a lower soluble iron content than the 
calcine, but released more zinc and calcium. The 600 
mg/l. calcium in solution (maintained by dissolution 
of calcium sulphate) contributed greatly to the lim- 
ited uptake of metal ion by the exchangers (up to four 
times as much Cd, Cu, Pb and Zn was found in the 
aqueous phase). 

The cadmium level found in both phases was 
similar for most of the resins tested and indicates a 
maximum labile content of N 50 pg/g (N 20% of the 
total cadmium content). (This assumes that all the 
aqueous fraction would have been sorbed if more 
resin had been used.) 

Two distinct levels of copper transfer were indi- 
cated by the resin phase results. The lower value, 
observed for Na+-form sulphonate resins and chelat- 
ing resin Ch2, was N 390 pgg/g, and this “freely labile” 
value increased by only another 30 pg/g when the 
small amount of copper detected in the aqueous 
phase was added to it. In the presence of free protons 
(i.e., in use of H+-form exchangers) the amount of 
copper made “labile” was N 1.0 mg per g of calcine 
(m 25% of total copper content) which increased to 
1.6 mg/g if the copper found in solution was all 
non-sorbed metal ion (as distinct from non-labile). 
The resin with iminodiacetate functional groups 
(Chl) also promoted release of m 1 mg of copper 
from each gram of calcine. Altogether, the results 
indicate that copper was present in at least three 
different forms, with the more loosely bonded metal 
ion taken up by Na+-form exchangers. 

Cu was released from the jarosite only at pH 2-4 
(i.e., with exchangers SAl, SA2, WAl, WA2) or at 
pH > 10 (Chl, Ch2). The “acid labile” content (based 
on resin plus water contents) was N 180 pg/g (N 15% 
of the total copper content), with distribution into the 
resin phase being greatest with the -COOH type 
resins (indicative of initial displacement of some weak 
acid copper salt). The uptake of 65 pg/g by chelating 
resins suggests release (at high pH) of some soluble 
labile copper compounds (e.g., organo-copper spe- 
cies) which dissociated under the influence of the resin 
functional groups. The presence of complexed forms 
of copper tends to be confirmed by the absence of 
uptake by Na+-form sulphonated exchangers (Exl, 2 
and 3). 

A completely different behaviour pattern emerged 
in the zinc distributions. Maximum exchanger uptake 
occurred with Na+-form exchangers (Exl, 2 and 3, 
Ch2). The highest exchange value (5.3 mg/g plus 
w 0.15 mg/g in the aqueous phase) represented about 

The same group of exchange-resins (Exl, 2 and 3) 
failed to take up lead ions, though small amounts of 
this element were detected in the aqueous phase. The 
H+-form of these resins (SAl, SA2), however, pro- 
moted the greatest amount of displacement into 
solution and resin uptake (~350 pg/g or -2% of 
total lead content). About half of this was released by 
-COOH type exchangers (WAl, WA2) and the 
chelating resin Ch2. Since lead is strongly 
chemisorbed by hydrous iron oxides, it can be pro- 
posed that the resin and pH effects were closely 
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related to the amount of iron dissolved (1.75 mg/g 
with SAl, SA2 or w 500 pg/g with WAl, WA2). Lead 
is also strongly sorbed by Mn(IV) oxides, but the 
amount of this element released was independent of 
the type of exchanger involved (-940 pg/g, or 
-23% of total manganese content). 

The results for zinc were the most varied of all, 
partly on account of the large amount present, but 
mainly because of competition for the exchange sites 
by the alkaline-earth metal cations. Table 2, which 
records the mean value for resins of similar basic 
type, does not provide an adequate picture of the 
wide range of zinc results obtained: The highest 
resin uptake of zinc (N 12 mg per/g of jarosite) was 
recorded for a chelating resin (Ch2), which suggests 
a high affinity between zinc and this type of func- 
tional group. Uptakes by the other resins were small 
fractions of this value, with no obvious link to 
exchanger type. Typical results were _ 1.2 mg/g 
(resins SA2, WAl); 2.4 mg/g (Exl); 3.5 mg/g (SAl, 
WA2, Ex2, Ex3); 4.8 mg/g (Chl). If these values are 
combined with the residual zinc levels in solution, the 
total falls in the 13-15 mg/g range, about one third 
of the total zinc content. The amounts of calcium 
sorbed (or present in solution) were approximately 
three times the zinc values, and represented about 
60% release of the total calcium content. 

Comparison with ASV-labile data 

When the same calcine and jarosite samples were 
subjected to a series of chemical extraction processes’* 
and the extracts were analysed by both AAS and 
anodic stripping voltammetry (ASV), it was found 
that not all of the released metal ion was “ASV- 
labile”. As with resin uptake values, ASV measured 
only free metal ions or labile complexes, but the 
techniques differ in respect to the time scale involved 
(minutes for ASV) and hence the results are not 
necessarily directly comparable. 

Depending on the extractant used, and the element 
measured, the ratio of ASV value/AAS reading (as a 
percentage) varied from 15 to 80%. The highest 
values were found when cadmium was displaced from 
the “wastes” by either 1M magnesium chloride or 
0.5M acetate buffer. In acid hydroxylamine solutions 
(used to reduce manganese and iron hydrous oxides) 
the percentage of ASV-labile cadmium dropped to 
-50%. In these three extractants, 40-50% of the 
total lead in solution (found by AAS) responded to 
the ASV procedure. For copper the ASV-labile con- 
tent ranged from -20% (magnesium chloride ex- 
tracts) to 3545% (acetate buffer and hydroxylamine 
extracts). 

Results such as these indicate that the approach 
used in the preceding sections (i.e., summation of 
resin and solution values) probably overestimated the 
“labile” metal content of the wastes. 

In selective chemical extraction studies, the amount 
displaced by salt solutions is usually considered to 
reflect the “ion-exchangeable” fraction, with weak 

acids displacing the weakly sorbed fraction and car- 
bonate-bound material. It is therefore interesting to 
compare total metal-ion displacement by exchangers 
with chemical extraction data. About 30% of the lead 
in calcine was displaced by resins, which matches the 
25-34% displaced by salt solutions such as 0.9M 
NH,N09, MgCl, or CH,COONHI. [Lesser amounts 
(15-24%) were displaced by Ca(NO,),, NaCl or 
CH, COONa.] 

Extraction of the calcine with 0.45M HCl, HN03 
or CH,COOH released 25-34% of the total copper, 
which is only marginally higher than the 25% re- 
leased by the H+-form exchangers. The 5-14% of 
total copper displaced by salt solutions [NH,NO,, 
MgCl,, NaCl, Ca(NO,),] was similar to the 10% 
released by Na + -form exchangers. 

The behaviour of zinc was not examined in the 
ASV projecti but evidence of diverse zinc species was 
found in a study of chemical extraction of zinc sorbed 
on calcium carbonate.” The amount of zinc released 
depended on the coating density. For example with 
20 mmole of zinc sorbed per kg of calcium carbonate, 
no reagent displaced more than 10% of the zinc, a 
response attributed to formation of a basic zinc 
carbonate coating. With lighter deposits (- 5 
mmole/kg), acids and EDTA displaced 5565% of 
the sorbed ion; with heavier deposits (-50 
mmole/kg) recovery levels increased to >85%. 

GENERAL CONCLUSIONS 

When using the ion-exchange approach to evaluate 
labile metal fractions in calcareous sediments, caution 
will be required to minimize the competing effect of 
calcium and other matrix ions released by exchanger 
interaction with the solid phase. The addition of an 
equal weight of exchanger to the sediment sample 
should ensure reasonable metal-ion recoveries in 
most situations, but it has also been recognized that 
the degree of matrix attack increases with increasing 
weight of exchanger added. With samples very rich in 
alkaline earths, a second extraction with fresh ex- 
changer may prove preferable to a single equilibra- 
tion using exchanger: sediment weight ratios > 1. 
Weak cation-exchangers are particularly sensitive to 
the competing effect of calcium, and this must be kept 
in mind when interpreting metal-ion transfer results. 
Further studies on a range of sediment types, with 
modified procedures, should provide more guidance 
in respect to the validity of the exchanger approach 
to sediment analysis. 
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Summary-The dissociation constants of several families of acids (substituted phenols and mercapto- 
pyrimidines) in isopropyl alcohol medium have been determined by potentiometric titration with 
tetrabutylammonium hydroxide. Because of ion-pair formation the incomplete dissociation of the 
tetrabutylammonium salt has been taken into account in the calculation of pK,. The dissociation constants 
of the salts were previously measured conductometrically. The resolution of acid strength in isopropyl 
alcohol relative to that in water has been determined for each series of acids by plotting the pK, values 
in isopropyl alcohol us. those in water. The results show greater resolution in isopropyl alcohol than in 
water. The resolution of acid strength in lert-butyl alcohol relative to that in isopropyl alcohol has also 
been determined. 

tert-Butyl alcohol (2-methyl-2-propanol) and iso- 
propyl alcohol (2-propanol) are the most widely used 
neutral amphiprotic solvents in non-aqueous titra- 
tions Id They show low autoprotolysis constants 
(lO-zp-s and lo-** for tert-butyl and isopropyl alco- 
hols respectively),‘s6 so they offer a wide pH-scale. 
Moreover, they are strong hydrogen-bond acceptors 
and poor hydrogen-bond donors. These facts make 
them very useful for resolution of acid mixtures.**’ 

In spite of its shorter pH scale, isopropyl alcohol 
is preferred in practice because the melting point of 
tert-butyl alcohol (about 25’) does not allow work at 
room temperature with this solvent. 

The acid strength resolution for acids belonging to 
the same chemical family in a particular medium has 
been defined by Kolthoff and Chantooni* as the slope 
of the straight line obtained by plotting pK, of these 
acids in the given medium vs. pK, in water (as 
reference solvent). These authors studied one phenol 
series (without substituents in the ortho position) in 
isopropyl alcohol in this way and found a slope of 
1.4, indicating that acid strength resolution in iso- 
propyl alcohol is higher than that in water. On the 
other hand, the acid strength resolution for phenols 
in tert-butyl alcohol is higher than that in isopropyl 
alcohol for both ortho and non-ortho substituted 
phenols.2s8 

The purpose of this paper is to extend the study of 
acid strength resolution in isopropyl alcohol relative 
to that in tert-butyl alcohol and water. The acidity 
constants of a wide series of acids (phenols and 
mercaptopyrimidines) in isopropyl alcohol have been 
determined potentiometrically. Because of ion-pair 
formation in this medium (relative permittivity, 6, 
19.9 at 25”),3 the incomplete dissociation of the salt 

formed in the titration has been taken into account 
in computing the pK, values. For this reason, the 
dissociation constants of the salts were determined 
beforehand by conductometric methods. 

EXPERIMENTAL 

Apparatus 
The equipment was the same as that used for earlier work 

in this series.8.9 

Chemicals 
Phenols. 4-Bromophenol, 2-chlorophenol and 4- 

chlorouhenol (Carlo Erba RPE >99%). 2.4-dichloronhenol 
and 3,>-dichldrophenol (Aldrich >9&/,j, 3-bromophenol 
(Aldrich >97%), 2-nitrophenol (Sharlau >99.5%), 4-nitro- 
phenol (Sharlau > 99%), 2,6_dichlorophenol (Fluka 
> 97%) and 2,4,6_trichlorophenol (Koch-Light). 

Mercaptopyrimidines. 2-Mercaptopyrimidine and 4- 
methyl-2-thiouracil (2-mercapto-4-methyl-6_hydroxypyrim- 
idine) (Fluka > 98%), 2-thiouracil (2-mercapto-6-hydroxy- 
pyrimidine) (Koch-&t), 4,5-dia&no-6_iercaptopyri& 
idine (Pharma Waldhof PWA). dithiouracil f2.ddimercao- 
topyri-midine) and 4-amino:i-thiouracil (iimercaptoi- 
amino&hydroxypyrimidine) synthesized as described in the 
literature.lO~‘l 

Picric acid (Doesder RA >99.8%, ACS, vacuum-dried), 
0. 1M tetrabutylammonium hydroxide in isopropyl alcohol 
(Carlo Erba RPE; analysis by gas chromatography showed 
a content of 8% of methyl alcohol), and isopropyl alcohol 
[Carlo Erba RFC-ACS, with 0.47% water content (Karl 
Fischer method)].’ 

Procedures 
Conductomelric measurements. Different measured 

amounts of a 0.005M solution of the salt (prepared by exact 
neutralization of a solution of the acid with tetrabutyl- 
ammonium hydroxide solution) were added to 50 ml of pure 
isopropyl alcohol in the conductivity cell and the conductiv- 
ity was measured after each addition. 

Potenfiometric measurements. Twenty ml of a 0.005M 
solution of the acid were titrated with O.lM tetrabutyl- 
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Table 1. Thermodynamic dissociation constants of acids and their tetrabutylammonium salts at 25C* 

Isopropyl alcohol tert -Butyl 
alcohol, Water, 

Substance A, salta pZGb PK, PK,~ 
Picric acid 23.6 
2-Nitrophenol 23.0 
3-Nitrophenol 22.2 
4-Nitrophenol 23.4 
2,4,6-Trichlorophenol 22.6 
2,6-Dichlorophenol 23.4 
2,CDichlorophenol 22.0 
3,5-Dichlorophenol 22.3 
2Chlorophenol 22.4 
4-Chlorophenol 21.6 
3-Bromophenol 21.6 
4-Bromophenol 21.7 
Dithiouracil 23.6 
2-Thiouracil 24.8 
4-Methyl-2-thiouracil 25.0 
4-Amino-2-thiouracil 22.4 
2-Mercaptopyrimidine 26.3 
4,5-Diamino-6-mercaptopyrimidine 24.4 

2.80 
2.87 
2.83 
2.79 
2.85 
3.05 
2.97 
2.82 
2.94 
2.64 
2.81 
2.53 
2.90 
2.85 
2.92 
3.10 
3.21 
3.12 

4.02” 5.35 0.3 
13.30 f 0.04 15.88 7.23 
13.92 f 0.03 16.99 8.39 
12.45 + 0.03 14.60 7.14 
12.55 f 0.01 14.82 (6.42) 
13.58 f 0.02 16.38 (6.79) 
14.48 + 0.01 17.25 7.85 
14.05 f 0.03 17.04 (8.18) 
15.83 f 0.02 18.54 8.48 
15.31 rf: 0.04 18.96 9.38 
14.83 + 0.04 18.52 (9.03) 
15.36 + 0.08 18.88 (9.36) 
11.07+0.10 12.99 6.34 
12.76 + 0.05 14.79 7.71 
12.89 f 0.07 15.08 7.96 
12.33 f 0.03 15.08 6.83 
12.10 f 0.08 14.76 6.99 
14.40 + 0.06 17.09 9.05 

*HA=H+A-+H++A- K,= 
W+I[A-1 

[HA] + [H+A-] Y: 

B+A-$B++A- K=,,=wy; 

%onductometric results for isopropyl alcohol medium. 
bPotentiometric results for isopropyl alcohol medium; three independent series with 8-10 points each (mean k standard 

deviation). 
‘pK, in tert-butyl alcohol at 30°C.’ 
dpK, in water at 25°C. Mercaptopyrimidines, Z = 0.1.” Phenols, Z = 0,‘9.20 except values in brackets, which are at unknown 

ionic strength.2’ 

ammonium hydroxide. The potential was measured for 
various titration points, mainly near the half-neutralization 
point. 

All data were obtained at 25 +- 0.2”. 

Computation methoak 

The dissociation constants of the salts were computed 
from the conductivity data by means of the computer 
program KFKS described previously.s This program used 
the Fuoss-Kraus and Shedlovsky equations,‘2-‘5 with the 
values: 6 = 19.9, T = 298.15 K and n = 0.0286 poise.6,‘6 

The mean activity coefficients y, were computed by 
means of the Debye-Hiickel equation, with A = 3.53 and 
B = 0.577 nm-’ and the t and T values mentioned above, 
and a density of 0.7855 g/ml.i6 The a parameter was com- 
puted by the Stokes-Einstein relation from no according to 
a = 11.5/A,. The values of a are about 0.4-0.5 nm for the 
tetrabutylammonium salts. For computing the standard 
potentials of the electrode system and the dissociation 
constants of the acids the computer program ACETERIS08 
was used. The standard potential in acidic medium was 
found to be 547.6 k 2.4 mV. 

RESULTS AND DISCUSSION 

The dissociation constants of the phenols and their 
tetrabutylammonium salts in isopropyl alcohol are 
presented in Table 1, together with their dissociation 
constants in water and in tert-butyl alcohol. 

For the phenols, the highest values of pK,,, corre- 
spond to ortho-substituted and the lowest to para- 

substituted compounds. Similar behaviour is 
observed for values of pKsalt in tert-butyl alcohol8 and 

the same explanation can serve. When the electroneg 
ative substituent is in the ortho position the negative 
charge of the phenolate ion is almost completely 
localized on the oxygen atom and the ion-pair be- 
comes less dissociated than that formed by non-o&to 

r 
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Fig. 1. Resolution of acid strength in isopropyl alcohol us. 
water for several phenol derivatives. A 4-Nitrophenol; x 
3nitrophenol; 0 3,5-dichlorophenol; 0 3-bromophenol; 0 
4-chlorophenol; #e rlbromophenol; A 2nitrophenol; 0 
2,4-dichlorophenol; n 2chlorophenol; * 2,4,6-trichloro- 

phenol; 2”;( 2,6-dichlorophenol. 
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Table 2. Resolution of acid strenath (values of slopes) 

Phenols 
Mercaptopyrimidines, 

non-ortho ortho di-ortho non-amino 

pK, (isopropyl alcohol) vs. pK, 
(water) 

pK, (tert-butyl alcohol) vs. pK, 
(water)* 

1.27 2.02 2.78 

1.96 2.13 4.22 

1.16 

1.27 

pK, (rerr-butyl alcohol) vs. pK, 
(isopropyl alcohol) 1.51 1.05 1.51 1.11 

substituted phenols. In contrast, if the electronegative 
substituent is in the para position the negative charge 
is delocalized over the ring, the ion-pair becomes less 
stable and the pK,, value is lower. In general, the 
pK,,, values are about 1.5 lower in isopropyl alcohol 
than in tert-butyl alcohol. 

Figure 1 shows the greater resolution for phenols 
in isopropyl alcohol relative to water (see also 
Table 1). 

The phenols tested can be assembled in three 
groups: phenols without ortho substituent, phenols 
with one ortho substituent and phenols with two 
ortho substituents. The slope of the straight line 
obtained for each group increases with the number of 
ortho substituents (Table 2). This behaviour is 
analogous at that observed in tert-butyl alcohol6 

The slope obtained for phenols without an ortho 
substituent is similar to that obtained by Chantooni 
and Kolthoff for the same kind of phenols.2 The large 
resolution for these phenols can be explained as 
follows.2** Electronegative substituents increase the 
dispersion interaction of the aromatic anion with the 
solvent. If the solvent is a strong hydrogen-bond 
donor, like water, the negative charge is localized on 
the oxygen atom of the phenol and stabilized by 
hydrogen bonding, but if the solvent is a weak hydro- 
gen-bond donor, like isopropyl alcohol, the negative 
charge can be delocalized more easily on the aromatic 
ring when electronegative substituents are introduced 
(Table 3). Thus the resolution of acid strength is 
greater with this solvent than with a strong hydrogen- 
bond donor solvent, such as water or n-alcohols. 

The same idea can be applied in the case of ortho 
substitution. One electronegative substituent in the 
ortho position disperses the negative charge more 
than in any other position, and the resolution of acid 
strength increases. Two such substituents in ortho 

Table 3. Characteristics of the solvents 

Solvent ea 7[*b Bb ub PKHS 

Isonronvl alcohol 19.9 0.48 0.95 0.76 20.8 
rer;-Butyl alcohoP 10.9 0.41 1.01 0.68 28.5 
Water 78.6 1.09 0.18 1.17 14.0 

“Relative permittivity. 
bSolvatochromic parameters: n* solvent polarity, B solvent 

hydrogen-bonding acceptor character (HBA) (basicity), 
Q solvent hydrogen-bonding donor character (HBD) 
(acidity).’ 

‘Values at 30°C. 

positions increase the electronegative effect and the 
dispersion of negative charge. On the other hand the 
ortho substituents are close to the hydroxyl group and 
make its solvation difficult, so dissociation of the 
phenol is hindered and the pK, values of ortho 
phenols and, especially, di-ortho-phenols increase. In 
Fig. 2 the plot of pK, in tert-butyl alcohol vs. pK, in 
isopropyl alcohol is given. The line of higher slope 
(1.51) corresponds to non-ortho and di-ortho substi- 
tuted phenols, for which tert-butyl alcohol shows a 
resolution (relative to that in isopropyl alcohol) equal 
to that of non-ortho substituted benzoic acid deriva- 
tives determined by Kolthoff and Chantooni* and 
shown in Fig. 3. However, the resolution of mono- 
ortho derivatives is about unity and shows that both 
alcohols are equivalent in modifying the acid charac- 
ter of the phenol group. 

The behaviour of mercaptopyrimidines in iso- 
propyl alcohol in relation to that in water (Fig. 4) is 
similar to that observed in tert-butyl alcohol.8 Thus, 
2-mercapto derivatives without amino substituents 
can be plotted on a straight line with a slope slightly 
higher than unity (1.16). If non-substituted 2- 
mercaptopyrimidine is taken as the reference com- 
pound, it can be observed that 2-mercaptopyrimidine 
is significantly more acidic than 2-thiouracil in a 
strong hydrogen-bond donor solvent such as water, 

19 

- 16 E 

12 13 14 15 

pK, ( isopropyl alcohol 1 
16 

Fig. 2. Resolution of acid strength in rert-butyl alcohol vs. 
isopropyl alcohol for several phenol derivatives. Symbols as 

in Fig. 1. 
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10 - 
e 9 10 11 12 

pK D ( isopropyl alcohol 1 

Fig. 3. Resolution of acid strength in tert-butyl alcohol vs. 
isopropyl alcohol for several non-ortho substituted benzoic 
acid derivatives (values taken from reference 2). IJ 3,5- 
Dinitrobenzoic; n 3-nitro&hlorobenzoic; 0 4-nitro- 
benzoic; 0 3.4dichlorobenzoic; * 3-bromobenzoic; * 

3,4-dimethylbenzoic. 

but in isopropyl alcohol the difference is smaller and 
in tert-butyl alcohol both substances show the same 
acidic character. This fact is in accordance with the 
progressively lower hydrogen-bond donor capacity of 
these solvents (Table 3) which allows delocalization 
of the negative charge of the anion by the negative 
electrosubstituents, the hydroxyl groups, of the 
thiouracils, thus favouring the acid dissociation. 

On the other hand, the difference in acid strength 
between 4-amino-2-thiouracil and 2-mercaptopyrim- 
idine is larger in water than in the alcohols because 

r 
15 

t 

I I 1 I 1 I 1 

6 7 8 9 

pK, (water 1 

Fig. 4. Resolution of acid strength in isopropyl alcohol vs. 
water for several mercaptopyrimidines. * Dithiouracil; A 
2-thiouracil; n 4-methyl-2-thiouracil; x 2-mercaptopyrim- 
idine; A 4-amino-2-thiouracil; * 4,5diamino-6-mercapto- 

pyrimidine. 

r * 

I I I I , I ( 

11 12 13 14 

pK, (isopropyl alcohol 1 

Fig. 5. Resolution of acid strength in tert-butyl alcohol vs. 
isopropyl alcohol for several mercaptopyrimidines. Symbols 

as in Fig. 4. 

of the electron-donating character of the amino 
group. Thus, solvents with a large hydrogen-bond 
donor ability, such as water, can stabilize the negative 
charge of the anion more effectively than the alcohols 
can. A similar reason can explain the pK, values of 
4,5-diamino-6-mercaptopyrimidine in these solvents. 
Although the values for this substance can be fitted 
in the straight lines of Figs. 4 and 5, this is fortuitous, 
because it does not belong to the same family, since 
it has no thiol group in the 2-position, but does have 
amino substituents. In fact, in the plot that relates 
pK, values in rert-butyl alcohol to those in water,* the 
point for 4,5-diamino-6-mercaptopyrimidine deviates 
markedly from the correlation line because of the 
resolution power of tert-butyl alcohol is higher than 
that of isopropyl alcohol. 

Figure 5 shows the plot of pK, in rert-butyl alcohol 
US. pK, in isopropyl alcohol to be a straight line with 
a slope of about unity. This is in accord with the 
Izmailov theory” and shows that both alcohols have 
a similar effect on the dissociation of the mercapto 
groups in mercaptopyrimidines. 

In both series of compounds, phenols and mercap- 
topyrimidines, the self-association of the substances 
by intermolecular hydrogen bonding has not been 
considered, because of the strong hydrogen-bond 
acceptor character of the solvent (/I N 0.95). Thus, in 
dilute solutions in isopropyl alcohol, intermolecular 
association can be neglected. 
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FLOW-REVERSAL FLOW INJECTION ANALYSIS-II* 

DETERMINATION OF GLUCOSE WITH A DOUBLE-PUMP SYSTEM 
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Biochemical Research Laboratory, Tosoh Co. Ltd., 2743-1, Hayakawa, Ayase-shi, Kanagawa 252, Japan 

(Received 10 August 1987. Revised 9 June 1989. Accepted 27 June 1989) 

Summary-A new type of flow-injection procedure is proposed in which the samples are reversely pumped 
to the detector. In this procedure the injected samples are pumped into the reaction loop of a 6-way valve, 
then the valve is rotated to reverse the flow and the sample/reagent plug is pumped to the detector by 
another pump. The dispersion of the sample zone is low and the consumption of the reagent is very small. 
Therefore, its analytical potential for analysis with expensive reagents or long reaction times is high. The 
procedure has been applied to the determination of glucose in serum with an enzyme kit. 

The use of enzyme reactions in clinical analysis is very 
attractive because of its high sensitivity, in spite of the 
slowness of some of the methods. Many enzyme 
reagent kits are now commercially available for use 
in batch procedures and have also been used in 
flow-injection analysis (FIA). In the FIA methods, 
however, two difficulties often arise: (a) the large 
dispersion of samples that arises when long reaction 
times are needed and (b) the resultant increase 
in reagent consumption. These two factors have 
somewhat hindered application of FIA in clinical 
chemistry. 

RtiiEka and Hansen’ have reported a stopped-flow 
merging zones procedure for the determination of 
glucose in serum. Although the procedure has the 
advantage that the consumption of expensive reagent 
is low because both the reagent and sample are 
injected, it has the disadvantage that optimization 
of quantitative applications of the test kit is diffi- 
cult. Because the two reagents are diluted before they 
are mixed and the activity of the enzyme kit reagent 
is greatly influenced by the carrier components 
and flow-rate. A new type of FIA procedure has 
been reported,* in which the sample and reagents 
are mixed in the loop of the injection valve. 
Although the procedure had many advantages, it 
also had the disadvantage that manual injection 
with a syringe through a rubber septum was 
needed. 

In a further development,3 a 6-way valve with three 
loops was used to allow injection of sample into the 
carrier, and passage of the sample/carrier through the 
detector and then through a reaction loop. Rotation 
of the valve system at an angle of 60” then allowed 
the sample/carrier to be pumped back through the 
reaction loop to the detector, providing for measure- 
ment of the sample plug at two residence times. This 

*Part I: J. Toei, Analyst, 1988, 113, 475. 

idea has now been extended, with use of a second 
pump. The sample is injected into a stream of enzyme 
kit solution and pumped into the loop of the 6- 
way valve. The flow is then changed to the reverse 
direction and the sample/reagent plug pumped to the 
detector by another carrier, from the second pump. 
In this procedure the consumption of reagent sol- 
ution is very low, but the peak width is very sharp 
because the flow-rate of the second carrier is very 
fast. With the commercially available enzyme test kit 
as a reagent solution, glucose can be determined with 
a low consumption of reagent, and low sample 
dispersion. 

EXPERIMENTAL 

Apparatus 

The FIA system employed a CCPM multifunction 
pump delivery system (metal-free; Tosoh, Tokyo, Japan), 
two SV-8000 electronically actuated 6-way valve systems 
(Tosoh) equipped with a 20 or 3 ~1 injection loop, a 4 mm 
id. x 4 m reaction loop and a UV-8000 spectrometric 
detector f,Tosoh). The absorbance was monitored at 254 or 
535 nm and the results were recorded on a CP-8000 data 
station (Tosoh). 

Flow diagram 

Typical flow diagrams of the procedure are shown in 
Fig. 1, where (a) is the 1st position, in which the injected 
sample is very slowly pumped into the reaction loop of a 
6-way valve by the reagent pump, while at high flow-rate the 
second carrier is pumped directly to the detector by the 
carrier pump, and (b) is the second position, in which 
the injected sample in the reaction loop is pumped to the 
detector in the reverse direction by the carrier pump, while 
the reagent solution is recycled to a reservoir to reduce its 
overall consumption. As the carrier flow-rate is high and the 
connection between the valve and the detector is short, 
sharp peaks are observed. 

Reagents 

Analytical grade acetone and demineralized water were 
used. The reagent for the determination of glucose was 
glucose C Test Wako (Wako Pure Chemicals, Osaka, Japan) 
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(b) 

Fig. 1. Schematic flow diagrams: (a) 1st position, (b) 2nd position; RP, reagent solution pump; I, injector; 
L, reaction loop; V, 6-way valve; CP, carrier pump; D, detector. 

used without further purification. The components of the kit 
are as follows: 0.2M NaHJQ/Na,HPO, buffer pH 7.4; 
0.05% phenol solution; 3000 U/l. glucose oxidase (EC. 
1.1.3.4) from A. niger; 40 U/l. peroxidase (E.C. 1.11.1.7) 
from horseradish; 6.7 U/l. mutarotase (EC 5.1.3.3) from 
hog-kidney cortex; 0.026M aminoantipyrine. 

RESULTS AND DISCUSSION 

Preliminary studies 

The study was started with determination of 
the fundamental characteristics of the outfit and its 
mechanical stability, with 1% acetone solution and 
demineralized water as the model compounds. The 
absorbance of the carrier was monitored at 254 nm. 

Effect of the fiow change-over time 

First, the effect of the flow change-over time on the 
peak height was investigated when the flow-rate of 
the reagent solution was 0.1 ml/min. The time inter- 
val (x min) between injection and flow change-over 
was varied from 1 to 7 min, and the results are 
summarized in Table 1. If the time interval from 
injection to appearance of the signal maximum is y 
(min), there is a rough relationship y = 1.1x + 0.1. 
Thus y is fully controllable by selection of x. As x is 
increased, the peak height (H) is decreased. How- 
ever, the relationship between H and y clearly shows 
that the peak height at long residence times is higher 
than that calculated for the normal FIA system. This 

Table 1. Effect of flow change-over time 

Residence Peak Peak Peak 
Flow change-over time, time, height, width,* area, 

min min mV set IO’ mV.sec 

1 1.25 68 7.3 0.60 
2 2.31 417 9.0 4.10 
3 3.39 367 11.7 4.48 
4 4.47 327 13.8 4.80 
5 5.57 321 14.8 5.32 
7 7.79 279 17.1 5.11 

Reagent flow-rate, 0.1 ml/min; carrier flow-rate, 1 ml/min; sample, 1% aqueous acetone 
solution; sample volume, 20 ~1; detector wavelength, 254 nm; 1 mV corresponds to about 
0.0022 absorbance. 

*At half-height. 
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Table 2. Effect of reagent solution flow-rate 

Flow-rate, 
mllmin 

0.1 
0.2 
0.3 

Residence time, Peak height, Peak width,* 
min mV set 

2.31 417 9.0 
2.53 351 14.6 
2.79 250 18.8 

Peak area, 
lo’ mV.sec 

4.10 
5.06 
4.99 

Conditions as in Table 1. 
*At half-height. 

Flow-rate, 
milmin 

Table 3. Effect of carrier flow-rate 

Residence time, Peak height, Peak width,* Area, Analysis time,? 
min mV set mV.sec min 

0.5 2.70 332 14.6 
1.0 2.53 351 13.5 
1.5 2.25 298 11.3 

Reagent flow-rate, 0.2 ml/min; other conditions as in Table 2. 
*At half-height. 
tPeak width at 3% of height above baseline. 

6.22 1.56 
5.06 0.98 
4.64 0.64 

means that the reversed flow with the slow reagent 
and fast carrier flow system decreases the dispersion 
relative to that in one-way flow. When the flow 
change-over time is short, the peak height is low 
because a part of the injected sample is still in the 
connecting tubing between the injection valve and the 
6-way valve. At the flow-rate used it takes 1.5-2 min 
to remove all the sample zone from the connecting 
tubing into the reaction loop. 

Eflect of reagent solution flow-rate 

The effect of the reagent solution flow-rate on the 
peak height was investigated with a carrier flow-rate 
of 1 ml/min. The results are summarized in Table 2. 
As the flow-rate was increased, the value of y in- 
creased and the peak height decreased, as expected. 
Naturally a slow reagent flow-rate is preferred from 
an analytical point of view, since the consumption of 
the expensive reagent per sample is reduced, the peak 
height is high and the total analysis time is short. 

21$02 + H+-f=;-M$ + 

H3C - N C = 0 
\ / 

‘II 

However, the reproducibility is slightly worse. There- 
fore 0.2 ml/min was selected as the optimum reagent 
flow-rate. 

Effect of carrier flow-rate 

The effect of the carrier flow-rate is summarized 
in Table 3. As the flow-rate was increased, y was 
decreased. However, the peak height was greatest 
when the flow-rate was 1 ml/min. Increasing the 
flow-rate decreases the reaction time and hence the 
peak height, but this is offset by the lower dispersion. 
A 1-ml/min flow-rate gives the best compromise. 

Applications 

The specific determination of glucose oxidase with 
~~-D-glUcoSe~~~ has been used in manual methods for 
the determination of glucose in serum with or without 
deproteinization. Okuda et al6 have determined glu- 
cose by means of that reaction followed by the 
hydrogen peroxide reaction with 4-aminoantipyrine, 

0 
pemxidase 

/\-a-i - - 

H$-i=$.-N-Q=0 

Y C-N C=O 
\/ 

N 

+4 0 
H2 

8 
I 

Scheme 1 
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5 min 

Fig. 2. Effect of flow change-over time: 1, 1 min; 2, 2 min; 
3, 3 min; 5, 5 min. Reagent solution, Glucose test C Wako, 
0.2 ml/mm; carrier, 0.2M NaH,PG,/Na2HFG,, pH 7.4, 
flow-rate 1 ml/min; sample, glucose, 0.200 g/l., sample 

volume about 3 ~1. 

phenol and peroxidase. Although its procedure is 
fairly selective for the determination of glucose and 
the enzyme kits are commercially available, it cannot 
always be applied in FIA because the contents of the 
kit (which itself is expensive) are designed on the 
assumption that the reagent and sample will be mixed 
directly. For the direct use of the enzyme kit in FIA, 
this new procedure is preferable, because the sample 
dispersion and the reagent consumption are small in 
spite of the long reaction time. 

Eflect of the reacton time 

With the reagent test kit, which is widely used in 
Japan, it takes 3-5 min to determine glucose in serum. 
Therefore, the effect of the reaction time (flow 
change-over time) was investigated, and typical 
recorder traces are shown in Fig. 2. As the reaction 

Table 4. Determination of glucose in serum 

Glucose, g/l. 

Sample This procedure Batch procedure* 

Serum A 0.90 0.90 
Serum B 0.94 0.95 

*Reference 7. 
Flow change-over time, 2 min; reagent flow-rate, 0.2 ml/min; 

carrier flow-rate, 1 ml/min; other details as for Fig. 2. 

time increased, the peak area was also increased 
because of slow reaction rate of the enzyme. How- 
ever, the peak also became broader as its area 
increased. Therefore, 2 min was selected as the reac- 
tion time (flow change-over time), at the expense of 
sensitivity. 

Calibration plots 

When the reaction time was 2 min, a linear cali- 
bration plot with an intercept close to zero was 
obtained over the range O-20 mg/ml, and no blank 
peaks were observed. The sampling rate was 22/hr, 
and the reagent consumption was 0.4 ml/sample. 
When the kit is used in the normal way, the reagent 
consumption is 3.0 ml/sample (20 ~1 sample volume). 
In the flow-reversal FIA procedure a smaller sample 
volume can be used and that also reduces the reagent 
consumption. 

Determination of glucose in serum 

With this procedure and the enzyme test kit, 
glucose was determined and the results are sum- 
marized in Table 4. The results are in good accord- 
ance with those obtained by the batch procedure.’ 
The consumption of reagent was very small and the 
peaks obtained were sharp in spite of the long 
reaction time. 
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AND EOSIN 

D. BLANCCI Gor+ns, E. FUENTE ALONSO, E. ANDREW GARCIA and P. ARIAS ABROW 
Departamento de Quimica Fisica y Analitica, Facultad de Quimica, Universidad de Oviedo, Oviedo, Spain 

(Received 15 February 1989. Revised 15 June 1989. Accepted 26 June 1989) 

Snnunary-A method is described for the direct spectrofluorimetric determination of ultratraces of 
cadmium by extraction into 1,2-dichloroethane of the ion-pair formed between the eosinate anion and 
the cationic complex of CdZ+ with cryptand 2.2.1. The detection limit for cadmium is 0.5 ng/ml, and the 
linear working range is from the detection limit to 150 n&ml. The relative standard deviation is 1.5% 
at the 100 ng/ml level. The equilibrium constant has been estimated and refined by the LetagropDISTR 
program. The proposed method has been tested in the determination of cadmium in high-purity zinc. The 
results show good agreement with those found by the more common ICP emission photometry and anodic 
stripping voltammetry methods. 

Cadmium is a highly toxic, apparently non-essential 
element that has long been exploited commercially, 
originally for protective coatings, and more recently 
in batteries, pigments, plastic stabilizers, X-ray 
screens etc. The dangers from cadmium have been 
tragically underlined by clinical poisoning on a large 
scale among residents of Toyama Prefecture (Japan).’ 
Because cadmium accumulates in organs and has a 
long half-life, the ingestion of small amounts of 
contaminated foods and drinks over long periods 
may lead to some form of cadmium poisoning. 

The determination of traces of cadmium is impor- 
tant in quality control for the chemical and metallur- 
gical industries. 

Fluorimetric determination of cadmium has 
been based on highly fluorescent chelates formed 
with organic ligands such as 8-hydroxyquinoline, 
2-(2-hydroxyphenyl)benzoxazole, mot-in and p-tosyl- 
8-aminoquinoline, or the formation of an ion-associ- 
ation ternary complex.* However, these methods 
are lacking in sensitivity and/or selectivity. A recent 
development has been the use of macrocyclic or 
macrobicyclic compounds with cavities of the right 
size to accommodate particular ions.‘,’ In particular, 
the macrobicyclic ligand cryptand 2.2.1 forms a much 
more stable complex with cadmium than with other 
cations frequently associated with it in samples.’ The 
complex itself is positively charged and not fluores- 
cent, but a fluorimetric determination of cadmium is 
possible by solvent extraction of the ion-association 
species formed by the complex and a fluorescent 
organic anion. The selectivity and efficiency of the 
extraction depend on the choice of ligand and also of 
the counter-ion and the organic solvent. Eosin as 
counter-ion and 1,Zdichloroethane as solvent have 
been found the most convenient. 

EXPERIMENTAL 

Apparatus 

Fluorescence intensity measurements and spectra were 
obtained with a Perkin-Elmer LS-5 spectrofluorimeter. The 
excitation and emission bandwidths were both 2.5 nm and 
standard l-cm silica cells were used. The temperature of the 
sample cell was kept constant within *lo with a Julabo 
(Paratherm III) thermostatic system. 

A WTW-D 812 pH-meter (Model 319), calibrated against 
Radiometer buffers, was used for measurement of the 
aqueous phase pH. 

For the ICP emission photometry of cadmium, a Perkin- 
Elmer ICP/5000 was used. 

Reagents 

All reagents were of analytical grade, and doubly distilled 
and demineralized water was used throughout. _ 

Crwtand 2.2.1. The commercial nroduct fRrvntofix. 
Merck reagent) was used as received.-It was dissd~ed in 
water to which perchloric acid had been added and through 
which argon had been passed to remove carbon dioxide to 
avoid carbonation of the cryptand. The solution 
(2.34 x W4M) was stored in polyethylene flasks. 

Acidic eosin solution, 2.34 x IO-‘M. Pure eosin was syn- 
thesized by treating fluorescein with a bromate/bromide 
mixture in acidified aqueous acetone as described else- 
where.’ 

Cd@) standard solution (loo0 ppm). Prepared by dissolv- 
ing 2.7444 g of cadmium nitrate tetrahydrate in acidified 
water, and diluting the solution to 1 litrei and standardized 
by complexometric titration. All working standard solutions 
were freshly prepared by dilution of the stock solution. 

Bu#er solution @H 7.8). Prepared by dissolving 6.05 g of 
tris(hydroxymethyl)aminomethane in about 800 ml of dou- 
bly distilled and demineralized water, adjusting the pH with 
nitric acid (under pH-meter control) and finally diluting to 
1 litre with water. 

1,2-Dichloroethane (Carlo Erba). 

General procedure 

Pipette a portion of the sample containing up to 750 ng 
of cadmium into a IO-ml centrifuge tube, add 0.2 ml of the 
cryptand 2.2.1 solution, 0.2 ml of eosin solution and 1 ml 
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of buffer, and dilute to 5 ml with doubly distilled and 
demineralized water (final pH 7.8 f 0.1). After mixing, add 
5 ml of 1,2-dichloroethane (previously equilibrated with 
buffered aqueous phase) and extract the complex by shaking 
the stoppered tube for 5 min. Allow the phases to separate 
and measure the fluorescence intensity, IF, of the organic 
layer at 555 nm (excitation wavelength 536 nm). Run a 
reagent blank in the same way and subtract its fluorescence 
from that of the sample. Keep the temperature constant 
throughout. 

Soak all glassware in nitric acid after conventional clean- 
ing, and finally wash it with doubly distilled and demineral- 
ized water, to avoid cadmium contamination. 

RESULTS AND DECUSSION 

Preliminary investigations 

The acidic fluorescent dyes tested were fluorescein, 
tetrabromofluorescein (eosin), tetraiodofluorescein 
(erythrosin) and tetrachlorotetraiodofluorescein 
(Rose Bengal). The results showed that eosin gave the 
best fluorescence signal, in accord with the general 
rule for ion-association complexes with fluorescein 
dyes, as we have mentioned elsewhere.* 

Toluene, chlorobenzene, carbon tetrachloride, 
chloroform, 1,Zdichloroethane and dichloromethane 
were examined as solvents for extraction of the 
ion-pair with eosin, and 1,Zdichloroethane gave the 
best results. 

Excitation and fluorescence spectra 

Figure 1 shows the excitation and emission spectra 
of the blank and the complex extracted by following 
the general procedure. The excitation spectrum has a 
maximum at 536 nm and the emission maximum is at 
555 nm. The spectra were not corrected for variations 
in the emission characteristics of the lamp nor for the 
response characteristics of the photomultiplier. 

t 
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Eflect of pH 

The ion-pair extraction of the cadmium cryptate 
has a complicated dependence on pH, owing to the 
basic nature of the cryptand, the dissociation of eosin 
and hydrolysis of the cation. 

Taking into account the pK, values9 of mono- and 
diprotonated cryptand 2.2.1, the stability constant of 
the cadmium hydroxo complex” and the pK, value of 
eosin” it can be inferred that the ion-pair would be 
extractable from alkaline media. Figure 2 shows the 
effect of pH in the range 6-12 on the fluorescence 
intensity for 0.2 ppm cadmium. The fluorescence is 
maximal for extraction at pH 6.5-9. A pH of 7.8 
(TRIS buffer) was selected for subsequent work. 

Reagent concentrations 

The conditions were optimized with a tixed amount 
of 0.5 pg of cadmium and a single extraction step. 
Figure 3 shows that the optimum concentrations are 
not less than 4.45 x 10e6M cryptand 2.2.1 (for a I-lxed 
eosin concentration of 1.4 x 10_5M) and 
4.45 x 10e6M eosin (with a fixed cryptand 2.2.1 
concentration of 1.4 x lo-‘M). In both cases the 
fluorescence signal becomes constant at a cryptand 
2.2.1 or eosin:cadmium molar ratio of about 5. 

Rate of extraction and stability of the extract 

The extraction is maximal with at least 2 min 
shaking, and the green fluorescence of the 1,2- 
dichloroethane layer remains constant for at least 12 
hr under the usual laboratory conditions. The order 
in which the reagents are added is unimportant, 
provided that the cryptand 2.2.1 is added before the 
pH is adjusted. The order recommended is cadmium 
sample, cryptand 2.2.1, eosin and TRIS buffer. 

(b) 
8_ A ox=536 run 

IF 

6, 
A 

4- 

Fig. 1. Excitation (a) and emission (b) spectra of ion-association cadmium complex (A) and blank (B); 
I, in arbitrary units. 
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1 I I I I 

6 6 10 12 

PH 

Fig. 2. Variation of the fluorescence intensity of the cad- 
mium ion-association complex (C, = 1.78 x 10e6M) with 

pH; I, in arbitrary units. 

No significant variation of Zr with temperature was 
noted in the range 20 f 5”. 

Effect of ionic strength 

The influence of ionic strength (I) (from 0.002 to 
0.25M, fixed with TRIS) is shown in Fig. 4. The 
fluorescence intensity of the organic phase, and there- 

IReogentl / t Cdl 

Fig. 3. Influence of the concentrations of cryptand 2.2.1 (A) 
and eosin (B) on fluorescence intensity: .Co, = 8.90 x 
lO-‘M, (A) Cs= 1.4 x 10m5M, CJC,, varied. (B) C, = 

1.4 x 10e5M, C,/C, varied. Zr in arbitrary units. 

46 - 

I 
F 25- 

16 - 

?F 
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Fig. 4. Effect of ionic strength on the fluorescence intensity: 
Cc, =8.90 x IO-‘M, C,= C,=6.23 x 10-6M. IF in arbi- 

trary units. 

fore the extraction of the cadmium ion-pair, de- 
creases quickly at Z above 0.02M. Preliminary results 
show that increasing the ionic strength promotes 
poorer association of the metal-cryptand complex 
with the eosinate anion and hence lower extraction. 
From these results an ionic strength of O.OlM is 
recommended. 

Calibration graph, limit of detection and precision 

The calibration graph is linear from the detection 
limit up to 150 ng/ml cadmium. The limit of detection 
(evaluated as the concentration corresponding to 
twice the standard deviation of the blank signal) was 
0.5 ng/ml. Analysis of 11 replicates of 100 ng/ml 
cadmium gave a relative standard deviation of 1.5%. 

Selectivity 

Potential interferences by metal ions which form 
stable complexes with cryptand 2.2.1 (e.g., alkali- 
metal and alkaline-earth metal ions), some metal ions 
commonly associated with cadmium (e.g., zinc, lead, 
iron, etc.) and some common anions have been 
investigated. The tolerance limit was set as the 
amount of foreign ion required to cause an error in 
the apparent recovery of 500 ng of cadmium greater 
than three times the relative standard deviation (i.e., 
errors higher than f4.5%). 

The results are summarized in Table 1. The possi- 
ble interference from iron and chromium is probably 
due to the relatively high working pH, favouring 
precipitation of the corresponding hydroxides, which 
would hinder the formation and extraction of the 
cadmium complex. This effect can be minimized as 

Table 1. Effect of foreign ions (M) on the determina- 
tion of 0.5 pg of cadmium 

Cation or M:Cd Apparent 
anion (M) molar ratio recovery of Cd, % 

Li+ 1000 100.0 
Na+ 500 95.6 
Kf 1000 101.4 
Csf 500 96.9 
NH: 500 103.0 
TI+ 500 100.8 
Ag+ 5 95.7 
Mg2+ 500 98.4 
Ca2+ 0.5 104.3 
Sr2+ 5 98.7 
Ba2+ 500 97.1 
cd+ 100 96.6 
Pb2+ 0.5 103.4 
Hg2+ 1 102.2 
Ni2+ 500 104.5 
Zn2+ 500 97.3 
co2+ 1000 100.8 
Mn2+ 1000 104.3 
Fe’+ 5 95.9 
Al’+ 500 103.6 
Cr’+ 5 96.9 
NO; 15,000 100.6 
Cl- 15,000 98.1 
PO;- 5000 97.0 
so:- 5000 101.1 
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Fig. 5. Dependence of the distribution ratio for cadmium 
on the eosin concentration in the aqueous phase. (0) 
C,, = 1.78 x 10-5M, CL = 1.25 x lo-4M, C, = (2.7- 
34.2) x lO+M; (0) C, = 3.56 x 10-5M, C, = 2.50 x 

10-4M, C, = (4.9-76.4) x 10-6M. 

reported previouslyi or by extraction at lower pH. 
Among the cations tested, only calcium, lead and 
mercury interfered seriously. The interference of lead 
and mercury might be expected from the stability 
constants of the corresponding LM2+ complexes in 
the aqueous phase.s**3 Nevertheless the effect of cal- 
cium is greater than expected, considering that the 
stability constant reported for LCaZ+ (log K, = 6.95) 
is smaller than that of LCd*+ (log 4 = 10.04). This 
indicates that the extractability of the ion-pair com- 
plexes is the decisive factor in this case. If these 
cations are present in the sample at an intolerably 
high ratio they should be removed or selectively 
masked. 

Stoichiometry and extraction constants 

The 1: 1 metal: ligand stoichiometry, with the 
cation located in the centre of the ring, has been 
clearly established.’ The dissociation constants of 
eosin” and the pH value of 7.8 used suggest that only 
a neutral complex (1: 1: 1 cadmium: cryptand : eosin) 
should be extracted. 

According to this stoichiometry, the overall extrac- 
tion equilibrium formulated by Frensdorffi4 for these 
systems could be rewritten as 

Cd2+ + L + E2- =(CdLE) 0 

where L, E2- and CdLE are cryptand 2.2.1, the 
eosinate anion and the ion-pair respectively, and 
subscript o denotes the organic phase. The extraction 
constant can be defined as 

K,, = [CdLE],/[Cd’+][L][E’-] (1) 

This equilibrium can be regarded as a combination 
of consecutive reaction steps: 

(a) formation of the binary complex: 

Cd2+ + L=CdL2+ K, = [CdL2+]/[Cd2+][L] (2) 

(b) formation and extraction of the ion-pair: 

CdL2+ + E2- =(CdLE), 

P = [CdLE],/[CdL2+][E2-] 

K,, = K P 

(3) 

(4) 

The distribution coefficient (D) for the extraction 
system may be written as 

D = [Cd2+]J[Cd2+] 

= [CdLE],/([Cd2+] + [CdL”]) (5) 

assuming that no polymeric species are formed and 
that dissociation of the ion-pair in the organic phase 
and association between CdL*+ and E*- in the 
aqueous phase are negligible. 

If we suppose that under the experimental condi- 
tions used [CdL2+]>> [Cd2+] and that formation of 
hydroxo complexes of cadmium is negligible, substi- 
tution of equation (3) in (5) gives 

log D = log P + log[E’-] 

A plot of log D vs. log[E’-] should then give a 
straight line with a slope of 1, and intercept log P, and 
&, can be calculated. 

Two sets of experiments were performed with total 
cadmium concentrations of 2 and 4 pg/ml. The 
cadmium concentrations in both phases were mea- 
sured by ICP emission photometry. Free eosin con- 
centrations were determined in the aqueous layer 
spectrophotometrically at 516 nm or fluorimetrically 
at 535 nm. The plot of log D vs. log[E’-1, for the 
two sets of experiments gave only one straight 
line with a slope of 1, establishing the 1: 1: 1 
metal : ligand: counter-ion stoichiometry and the ab- 
sence of polymerization. 

Refinement of the data by the Letagrop program 
DISTR6 gave log K, = 10.01 + 0.17; log P = 6.01 f 
0.09; log K,,, = 16.02 f 0.25 (mean f 2 standard 
deviations). 

Determination of cadmium in high purity zinc 

To validate the method (and taking into account 
that lead is one of the major interferences and is 
usually associated with cadmium) a high-purity zinc 
(nominal content 99.99%, cadmium 0.0014%, lead 
0.0007%) and a commercial zinc (nominal content 
95.00%, cadmium 0.43%, lead 2.84%) with different 
1ead:cadmium molar ratios (3.58 and 0.27 respec- 
tively) were analysed. About 0.25 g of finely milled 
sample was dissolved in 4 ml of hydrochloric acid 
(1: 1) by heating. The solution was cooled and diluted 
accurately to 50 ml. For the high-purity zinc, 2 ml of 
the sample solution was extracted as in the general 
procedure, but at pH 6 in order to prevent precipita- 
tion of zinc hydroxide, which could partially hinder 
the extraction. For the commercial zinc sample the 
standard-addition method was used because of 
matrix effects. Table 2 shows that the results are in 
good agreement with those obtained by ICP-AES. 
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Conclusions 

The present method offers an alternative to the 
more sensitive and selective methods of chemical 
analysis used at present. The method is simple, rapid, 
reproducible and selective and should be specially 
useful for ultratrace determinations of cadmium in a 
variety of samples (e.g., water, foods, chemicals, 
alloys, metals) with minimum sample handling. 

Furthermore, this study shows the selectivity that 
can be obtained with these extraction systems because 
cadmium is not extracted with the cryptand 
2.2.2-eosinchloroform8 system, in spite of the high 
stability constant for the cryptand 2.2.2Lcadmium 
complex (log KS = 7.1). Moreover, we have observed 
that when polymerization reactions do not take place, 
the ionic strength affects the extraction of the metal- 
ion dramatically, and this is probably due to the 
nature of the ligand, solvent and counter-ion used. In 
order to elucidate which of the different equilibria 
involved in the extraction process is the most affected 

Table 2. Determination of cadmium in samples of zinc 

ICP emission 
Sample photometry Proposed method 

Commercial zinc 4.34 f 0.04 mg/g 4.35 + 0.03 mg/g 
High-purity zinc 15.8 + 0.6 fig/g 15.0 f 0.4 flgig 

by ionic strength, a systematic study of the constants 
involved in the extraction process is in progress. 
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Summary-The chloramine-T-Phenol Red procedure affords a potentially very sensitive photometric 
method for the determination of bromide. However, serious problems (poor precision and high reagent 
blanks) have been encountered in trials which followed exactly the published procedure. The reason for 
these difficulties was found to be the high ratio of chloramine-T to Phenol Red which was used. In all 
previously reported applications of this method a ratio in excess of 4 was employed, and these publications 
also mentioned problems with the reproducibility. In the current work the use of a reagent ratio of 1.5 
was found to overcome these difficulties and yield a robust method of excellent precision. At the same 
time, the previously reported strong interferences by chloride and ammonia were also effectively 
eliminated. 

The measurement of bromide at low concentrations 
is of great importance in the food and drug industries 
and for assessing the effects of chlorination of sea- 
water used as a coolant in thermal power stations. 
However, the impetus for this study was provided by 
the selection of this anion as a tracer for measuring 
the hydrodynamic properties (flow velocities and 
dispersion coefficients) of streams. Bromide is almost 
ideal for this purpose since very little is lost from 
solution, either by adsorption on the bed sediments 
or by reaction with other components in the flowing 
waters.’ 

Since the tracer (in the form of lithium bromide) 
was to be released into the water as a short duration 
pulse, the peak concentration was expected to vary 
from decimolar to micromolar as the pulse was 
broadened by dispersion along the section of stream 
being studied. It was therefore essential to have an 
analytical method which was capable of detecting 
bromide at the micromolar level. The requirement for 
high-quality hydrodynamic data also meant that the 
chosen method had to yield highly accurate and 
precise measurements of concentration. 

A survey of the literature revealed that a colori- 
metric method based on the conversion of Phenol 
Red (PR) into Bromophenol Blue (BPB) satisfied the 
requirement for high sensitivity. The reaction of 
hypobromite with PR to produce BPB was first 
suggested in 1935 as a method for the determination 
of micro quantities of bromide in solution.* The 
bromide was oxidized to hypobromite by the addition 
of sodium hypochlorite. Hypochlorite was sub- 
sequently replaced by chloramine-T (CT) as the 
oxidizing agent. The overall reaction is summarized 
in equation (1): 

PR + 4Br- + 4H+ + 4CT(O) + BPB + 4CT(R) (1) 

where (0) = oxidized form, (R) = reduced form, 

Thiosulphate is added in a final step to decompose 
the excess of CT, which would otherwise oxidatively 
bleach the BPB. 

Although the procedure as given in “Standard 
Methods for the Examination of Water and Waste- 
water” appeared to be quite straightforward,3 severe 
problems were encountered with both lack of repro- 
ducibility for the test samples, and high reagent 
blanks in an initial attempt to use it. The discovery 
of the reasons for this behaviour forms the basis of 
this paper. As a result of this work a simple modifi- 
cation to the procedure was made which yields a 
much more robust and precise technique for the 
determination of bromide. 

EXPERIMENTAL. 

The procedure outlined in Standard Methods was fol- 
lowed: with the reagent additions scaled to a sample volume 
of 10 ml. The final CT concentration in the polyethylene 
vials used as reaction vessels was 38.6pM, which is a quarter 
of that recommended.3 The reagent volumes and concen- 
trations used arc compared with those in the Standard 
Method, in Table 1. For those determinations with a CT 
concentraticn of 386pM, the reaction was quenched with 
thiosulphate exactly 3.5 min after the oxidizing agent was 
added. 

The absorbances of the test solutions were measured at 
590 nm in a IO-mm path-length cell with a Varian 635 
spectrophotometer. A Dionex Model 10 ion chromatograph 
containing S2 separator columns was also used to analyst 
the water samples collected in the field. The relatively high 
level of sulphate (1.5mM) necessitated the use of a modified 
eluent (4.5mM sodium carbonate, 2.OmM sodium hydrox- 
ide, 10% methanol) to effect complete separation of the 
bromide and sulphate peaks. The analyses were done at an 
operating pressure of 580 psig, with a conductivity detector. 

RESULTS AND DISCUSSION 

Initial tests of the Standard Method3 by the author 
yielded very high and non-reproducible absorbance 
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Table 1. Conditions used for bromide determination* 

Modified method 
Standard method3 (this work) 

Sample, ml 50 10 
Acetate buffer, ml 2 0.5 
Phenol Red, ml 2 0.5 
Chloramine-T, ml 

(5 Zi/rnl (0.25’Zg/ml 
solution) solution) 

Thiosulphate, ml 0.5 0.13 
Total volume, ml 55 11.63 
Reaction time, min 20 20 

*Concentrations of reagent solutions are identical to those 
for the standard method except where specified. 

values (0.38-0.5) for the reagent blank solutions. 
Contamination of the reagents was initially sus- 
pected, so the CT and PR were recrystallized. 
High-purity acetic acid and sodium acetate were 
used to prepare the buffer solution. However, the 
use of these purified reagents did not solve the 
problem. 

Further investigation revealed that the CT concen- 
tration was the critical variable. The maximum 
reagent blank absorbances (at 590 nm) obtained for 
CT concentrations of 39, 78 and 195pM were 0.026, 
0.15 and 0.35, respectively. It was also observed that 
the rates of colour production and subsequent decay 
in the reagent blank were very dependent on the CT 
concentration, the rates being much faster with 
higher concentrations of this reagent. Curve 2 in 
Fig. 1 illustrates the absorbance changes occurring at 
590 nm when the initial CT concentration was 386 
PM ([PR], = 26pM). When the reaction was repeated 
in the presence of 25pM Br-, curve 4 was obtained. 
The initial colour development is very rapid but the 
chromophore is then bleached by a slower secondary 
reaction with hypochlorite generated by decompo- 
sition of the excess of CT present. It is clear that 
under these conditions the timing of the addition of 
the quenching reagent, thiosulphate, is extremely 
critical. 

t mln 

Fig. 1. Effect of CT and chloride concentrations on the 
kinetics of colour production and decay (measured at 

590 nm). 

It was suspected that the colour of the blank 
(curve 2) was due to the production of Chlorophenol 
Blue (CPB), since the visible spectrum of this com- 
pound is very similar to that of BPB. This assertion 
was confirmed by quenching the reaction after 2 min 
and separating the reaction products by chromatog- 
raphy on Sephadex DEAE anion-exchange resin at 
pH 4.5. Under these conditions CPB would be in its 
deprotonated blue form whereas Phenol Red and 
Dichlorophenol Red would be protonated and hence 
yellow and yellow-orange, respectively. This exper- 
iment showed that CPB was the major product. 

Since the minimum reagent blank absorbance was 
obtained with a CT concentration of 39pM, it was 
decided to test the performance of the method under 
these conditions. The absorbance of the reagent 
blank was found to be only 0.006 after 10 min and 
curve 1 in Fig. 1 shows that the colour due to BPB 
is very stable once produced. Accordingly, the 
reagent concentrations used to produce curve 1 were 
chosen as the basis for further application of this 
method. The calibration data (corrected for reagent 
blank) obtained under these conditions are shown in 
Fig. 2, and represent the average of 13 determinations 
over a period of 40 days by two operators. Clearly the 
reproducibility is excellent. The modified conditions, 
with a CT to PR ratio of 1.5, have thus yielded a 
robust procedure. It should be noted that all previous 
applications of this method>’ have used a ratio in 
excess of 4. 

From the data in Fig. 2 it is apparent that approxi- 
mately 40pM Br- is the maximum concentration 
that can be accurately determined. Consideration of 
equation (1) shows that this upper limit is imposed by 
the stoichiometry of the reaction. Thus all of the 
added CT would be consumed by an equimolar 
concentration of bromide. 

CBr-I CM 
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/ 
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I/ 
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Fig. 2. Standard curve obtained with a CT concentration of 
38.6 PM. 
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Effect of interfering substances 

It has been reported that the CT/PR method suffers 
from a number of significant chemical interferences. 
Organic compounds, chloride, ammonia, and bicar- 
bonate have each been shown to cause problems with 
the Standard Method and its published variants.‘-’ 
The effect of the last of these is easily controlled by 
ensuring that the acetic acid/acetate buffer used has 
sufficient capacity to neutralize any bicarbonate 
present and give a final pH of 4.6 for the sample plus 
buffer.4 Consequently, this particular aspect will not 
be further discussed. 

The other interferents are, however, much more 
troublesome since they react either directly or indi- 
rectly with CT, bromide or PR. Chloride can cause 
a positive interference by reacting to produce 
Chlorophenol Blue,4 and organic compounds can 
produce positive or negative interference, depending 
on the stability and/or absorption maximum of the 
brominated product.5 The presence of ammonia has 
been shown to cause a serious negative interference! 

The extent of interference produced by each of 
these species will depend on how rapidly they 
undergo reaction relative to the rate of production of 
BPB. If interference is observed for a particular set 
of conditions, it might be possible to reduce the rate 
of the offending reaction sufficiently to eliminate the 
interference, by altering the reagent concentrations. 
In all previous applications of the CT/PR method in 
which the extent of interference by the species listed 
above has been reported, a CT to PR ratio in excess 
of 4 has been used. Since a reduction of the ratio to 
1.5 was found to improve the stability and precision 
of the colour considerably, it was thought that this 
approach might also be of benefit in the control of 
chemical interferences. Thus the response of the 
modified method to the presence of organic com- 
pounds, chloride and ammonia has been examined in 
detail. 

Organic compounds. The analytical work in this 
laboratory is focused on the measurement of the 
concentrations of compounds in freshwater surface 
streams in which the organic matter is contributed 
primarily from natural sources. Consequently, the 
organic+containing solution used in this study was 
obtained by extracting a sample of sediment collected 
from the bed of a dry stream located in a relatively 
pristine area. The main source of organic material 
was leaf litter that originated from the grasses and 
species of eucalypt trees which bordered the stream. 

Calibration curves prepared with standards with 
and without the organics-containing extract present 
are shown in Fig. 3. The total organic carbon concen- 
tration was only 1.3 mg/l., yet this was sufficient to 
produce a serious negative interference. It is likely 
that this interference arises from competition between 
activated aromatic centres in the organic molecules 
and PR as reactive substrates for hypobromite. Since 
it is highly improbable that the extracted organic 

b-1 PM 

Fig. 3. Depression of standard curve caused by dissolved 
organic carbon (OC). O-0, [OC] = 0 mg/l.; C----C, 

[OC] = 1.5 mg/l. 

molecules will have an arrangement of aromatic rings 
similar to that in PR, it is unlikely that the resulting 
brominated species will have absorbance maxima 
near 590 nm. Other work has shown that Rhodamine 
WI (a fluorescent red dye used as a water tracer) also 
produces a negative interference in the CT/PR 
method.6 In this case two atoms of bromide are 
incorporated into the parent dye molecule. However, 
the brominated product is not stable and is rapidly 
bleached. It follows from this that the interference 
produced by natural and man-made organic com- 
pounds in the PR method will generally be negative. 

In the current case the organic interference could 
be compensated for by preparing the calibration 
curve with solutions containing the same level of 
organic matter as that in the samples (i.e., organic 
matrix-matched standards were used). This approach 
was feasible under these circumstances since there 
were a large number of samples that contained the 
same concentration and type of organic matter. 

However, when the organic carbon concentration 
varies widely between samples it would be necessary 
either to use the method of standard additions or to 
pretreat the samples to remove the organic material. 
The use, in a continuous-flow analyser, of an in-line 
column of macroreticular resin for the latter purpose 
has been described previously.5 

Chloride. It has been reported that the CT/PR 
method suffers from significant interference by chlor- 
ide.4 Since the water of the stream to be monitored 
contained 30mM chloride, it was essential to establish 
the extent to which this would affect the determina- 
tion of bromide in the samples collected. Figure 4 
shows the effect of 0-50mM chloride on the 
absorbances obtained for solutions containing 0 or 
25pM bromide and 38.6 or 386pM CT. It is obvious 
from curves 1 and 2 that there is no significant 
contribution from chloride below 30mM when 
38.6&U CT is used and that at above 30mM chloride 
the increase in absorbance is only very small. It 
should be noted that 30mM chloride does slightly 
reduce the maximum concentration of bromide 
that can be determinated before the plateau in the 
standard curve is reached (see Fig. 2), presumably by 
competitive reaction with the CT. 
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Fig. 4. Effect of CT concentration on extent of chloride 
interference. Curve (1) [CT] = 38.6~44; [Br] = OyM; (2) 
[CTj = 38.6pM; [Br] = 25pcM; (3) [CT] = 386pM; [Br] = 

0 @; (4) [CT] = 386pM; [Br] = 25pM. 

However, in marked contrast to this, there is a 
substantial dependence of absorbance on chloride 
level in the presence of 386pM CT (curves 3 and 4). 
Moreover, nowhere are the reagent blank and test 
solution curves (3 and 4, respectively) parallel. Hence 
unless the standards contain exactly the same concen- 
tration of chloride as the samples, incorrect values 
will be obtained for the amounts of bromide in the 
unknowns. The accurate analysis of solutions varying 
in chloride concentration would therefore be. very 
time-consuming. 

A field method for the determination of bromide, 
which uses peroxymonosulphate (oxone) as the oxi- 
dizing agent instead of CT, has been published.’ 
Unfortunately, however, strong interference from 
chloride is still observed. Presumably, the concen- 
tration of oxone is high enough for appreciable levels 
of hypochlorite to be generated by the oxidation of 
chloride. This species will then react with the PR to 
produce CPB. The results from the current study 
suggest that reduction of the oxone to PR ratio might 
eliminate this problem. 

Ammonia. Ammonia has been found to exert a 
negative interference at levels as low as 3pM (0.05 
mg/l.) in the spectrophotometric determination of 
bromide.4 The presence of 30pM ammonia in a 
solution containing 19pM bromide resulted in a 
depression of colour development such that the bro- 
mide concentration found was only 8.5~M.~ In view 
of the success of the lower CT to PR ratio in reducing 
the interference of chloride the effect of the modified 
conditions on ammonia interference was tested. 
Figure 5 shows the influence of 0-622pM ammonia 
on the absorbances for solutions containing 0 or 
25pM bromide and 38.6 or 386pM CT. At pH 4.6, 
all the added ammonia will be present as the 
ammonium ion. 

There is an enormous difference in the results for 
the two levels of CT. At the lower concentration the 

\ 
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Fig. 5. Effect of CT concentration on extent of interference 
by ammonia. Curve (1) [CT] = 38.6pcM, [Br] =OpM; 
(2) [C’I’j = 38.6pM, [Br] = 25@f; (3) [CT] = 386pM, 

[Br] = OpM; (4) [CT] = 386@4, [Br] = 25@f. 

absorbances of both the blank and test solutions are 
essentially independent of the ammonia concen- 
trations. Consequently ammonia does not interfere 
significantly under these conditions. However, in the 
presence of 386pM CT the absorbance is a steeply 
decreasing function of the ammonia level. If the 
concentration of bromide in a test solution contain- 
ing ammonia were determined under these con- 
ditions, with a set of ammonia-free standards, then a 
negative interference would be observed, because the 
reagent blank used in the calculations would be too 
high. For example, consider the case of a 25pM 
bromide solution (Fig. 5). If the blank and test 
solutions contained no ammonia then the blank- 
corrected absorbance would be 0.393. However, if the 
ammonia concentration in the test solution were 
50pM then the corrected absorbance would be 0.221. 
Thus the calculated concentration of bromide would 
be almost 50% low. This example shows that the use 
of an inappropriate blank value was the reason why 
previous workers found a negative interference by 
ammonia. 

Making the ammonia concentration in all the 
standards and samples in a batch at least 600pM 
would, of course, overcome the problem if a high CT 
concentration were used. Under these conditions the 
dependence of the absorbance on the ammonia 
level would be greatly reduced and the test-blank 
differential would approach its assymptotic limit. 
However, there is no need to resort to this procedure 
since the effect of ammonia is eliminated by using the 
much lower CT concentration (38.6~M) recom- 
mended in this paper. It is also not necessary to 
pretreat the samples by ion-exchange to remove the 
ammonia prior to analysis, as has been done 
previously. 

Hydroxylamine. Hydroxylamine has been re- 
ported* to occur in natural waters under certain 
conditions, so its possible effect on the method was 
examined. It proved to be a potent inhibitor of 
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Bromophenol Blue formation, since it reacts stoichio- 
metrically with chloramine-T, and a level of only 

40gM will completely suppress the colour develop 
ment in the procedure described above. The presence 
of up to 100,uM levels of hydroxyl~ine has been 
reported in Ethiopian rivers draining marshlands8 
Steps should therefore be taken to eliminate this 
potential interference from suspect natural water 
samples. Hydroxyla~ne could also enter rivers since 
this compound is used as a corrosion inhibitor in 
boiler water circuits. Work is currently under way in 
this laboratory to develop a method for decomposing 
hydroxylamine that is compatible with the chemistry 
of the spectrophotometric method for bromide. 

The excellent reproducibility of the calibration 
curve obtained by the modified method is shown in 
Fig. 2. Duplicate analysis of six different samples 
obtained from the test stream yielded a value of 
29.0 + 0.5pM for the background concentration of 
bromide. Eleven samples collected on another day 
gave a value of 29.7 + 0.8pM. Suppressed ion- 
chromatography was also used to analyse eight 
of these samples to provide a check on the 
sp~trophotomet~c method. The result obtained was 
28 rfr 3~tM. Quite clearly the precision of the ion-chro- 
matography was much poorer than that of 
the spectrophotometric technique. Moreover, ion- 
chromato~aphy takes at least ten times as much time 
as the CT/PR method to analyse the same number of 
samples. 

CONCLUSIONS 

The use of a chloramine-T to Phenol Red ratio of 
1.5 overcomes many of the problems reported in 
connection with the standard spectrophotometric 
method for the determination of bromide. The 
modified procedure can give good precision ( f 1.7% 
at a level of 30,&f, which is at least three times better 
than could be attained with ion-chromatography) 
and accuracy. The interferences by chloride and 
ammonia have been effectively eliminated and the 
timing of addition of thiosulphate is no longer 
critical. 
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Summary-Quaternary ammonium, phosphonium and arsonium membrane electrodes sensitive to 
benzylpenicillin, ampicillin and oxacillin have been investigated. The order of merit of electrode 
performance is cetyltrioctylammonium > cetyltrioctylphosphonium > cetyltrioctylarsonium. The elec- 
trodes are suggested for use in rapid determination of penicillin drugs by direct potentiometry. 

Penicillin antibiotics are widely used. In China 
they are usually determined either by back-titration 
of their solutions in sodium hydroxide or by spectro- 
photometry.’ Other methods suggested include ultra- 
violet spectrophotometry,2 fluorimetry,3 titrimetry,4 
chromatography’ and anodic stripping voltammetry.6 
Papariello et al.’ used an enzyme electrode based on 
the use of penicillinase to determine penicillin. This 
electrode responds slowly and its life-span is rather 
short. Lead(II), mercury(I1) and iodide-selective elec- 
trodes have also been proposed for use in the poten- 
tiometric determination of penicillins,‘-” but these 
procedures are complicated. Electrodes selective for 
benzylpenicillin have been reported.“*” They employ 
benzyldimethylcetylammonium as the exchange site, 
but the linearity ranges are rather narrow. In this 
study, ion-selective electrodes based on the use of 
quatemary ammonium, phosphonium or arsonium 
ions as the exchange site are reported and suggested 
for potentiometric determination of penicillin drugs. 

EXPERIMENTAL 

Apparafus 

The apparatus used was the same as that reported 
previously.‘3 

Reagents 

Cetyltrioctylammonium (CTOA), cetyltrioctylphospho- 
nium (CTOP) and cetyltrioctylarsonium (CTOAs) salts were 
synthesized in this laboratory.r4~” All drugs used were of 
pharmacopoeia1 quality’ and all chemicals used were of 
analytical reagent grade. Doubly distilled water was used 
throughout. 

*Author for correspondence. 
The general performance characteristics of the cetyltrioctyl- 

ammonium electrodes (slope, linearity range and work- 
ing pH range) were cited in a report entitled “Some 
Aspects of Recent Development of Drug ISEs” pre- 
sented by the senior author at the International Sympo- 
sium on Electroanalysis and Sensors in Biomedical, 
Environmental and Industrial Sciences (6-9 April 1987, 
Cardiff, GB), an extended summary of which appeared 
in Anal. Proc., 1987, 24, 338. 

Buffer solurion. Sulphuric acid (0X4,50 ml) was added to 
53.6 ml of 1M tris(hydroxymethyl)aminomethane and the 
mixture was diluted to 1 litre. The buffer had pH 7.02 and 
ionic strength O.lM. 

Standard oxacillin solution. Sodium oxacillin (0.2207 g) 
was dissolved in the minimum amount of water and diluted 
to volume in a SO-ml standard flask with the buffer to give 
a O.OlM standard solution. Standard series (10-6-10-ZM) 
were prepared by successive dilutions with the buffer. 
Ampicillin and benzylpenicillin solutions were prepared 
similarly. 

Preparation of the ion-pair complexes 

Oxucillin-CTOA. Cetyltrioctylammonium iodide (0.1 g) 
was dissolved in 20 ml of chloroform. The solution was 
shaken in a separating funnel for 15 min with 20 ml of 
O.OlM sodium oxacillin solution. The aqueous layer was 
separated and the organic layer was treated with four 20-ml 
portions of O.OlM sodium oxacillin solution. The organic 
layer was dried with anhydrous sodium sulphate and 
filtered, and the solvent was evaporated on a water-bath, to 
give a pale yellow product. ~xacillin-CTOP, oxacillin- 
CTOAs and ion-pair complexes of ampicillin and ben- 
zylpenicillin with CTOA, CTOP and CTOAs were prepared 
similarly. 

Electrode preparation 

The electrodes were constructed as described previously” 
and preconditioned in a 0.00 1 M solution of the appropriate 
penicillin for 24 hr. A double-junction saturated calomel 
electrode containing O.lM sodium nitrate in its outer 
compartment was used as reference electrode. 

RESULTS AND DISCUSSION 

Comparison of electroactive materials 

Penicillin electrodes with either CTOA, CTOP or 
CTOAs ions as exchange sites were evaluated in order 
to compare their response characteristics. Those 
based on CTOA were found to give the best response, 
and those based on CTOAs were unsatisfactory 
(Fig. 1). CTOA was therefore chosen as the most 
satisfactory for use in the penicillin ion-selective 
electrodes. The response characteristics of these 
electrodes are given in Table 1. 

1249 
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Eflect of plasticizers and membrane concentrations 

The effect of different plasticizers, viz. dibutyl 
phthalate (DBP), tributyl phosphate (TBP), dioctyl 
phthalate (DOP) and didecyl phthalate (DDP) was 
investigated. The best electrode response was found 
with DBP. The optimum concentration of electro- 
active material in the membrane was 0.005M. Char- 
acteristics of the oxacillin-CTOP electrode are shown 
in Table 2. 

Effect of pH 

The effect of pH was studied for oxacillin-CTOA, 
ampicillin-CTOA and benzylpenicillin-CTOA elec- 
trode potentials. No significant variation in mem- 
brane potential was observed for pH ranges 5.6-9.0 
(oxacillin), 4.6-9.1 (ampicillin) and M-8.9 (benzyl- 
penicillin). Typical results are shown in Fig. 2. The 

1 3 5 7 

PC 
pH ranges of the penicillin-CTOP electrodes are 
approximately the same as those observed for the 

Fig. 1. Calibration curves. OxacillinCTOP electrode (I), 

penicillin-CTOA electrodes. 
oxacillin-CTOA electrode (2), oxacillinCTOAs electrode 

(3). 

Electrode potential 

When the electrode potential was repeatedly 
measured in a O.OOlM sodium oxacillin solution, the 
standard deviation was 0.6 mV for the oxacillin- 
CTOA and for the oxacillin-CTOP electrodes (six 
determinations). 
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Electrode versatility 

The ampicillin-CTOA electrode can respond to 
both benzylpenicillin and ampicillin (as well as 
oxacillin) with a nearly Nemstian response slope, but 
the linearity range is smaller than that obtained for 
oxacillin (Table 3). This implies that the electrode 
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response characteristics are determined mainly by DH 
the exchange site of the electroactive material.-The 
same result was obtained with sulpha-drug sensitive 

Fig. 2. Effect of pH on the potential of the oxacillin-CTOA 

electrodes.13 
electrode. Concentration of sodium oxacillin: O.OOlM (1); 

O.OlM (2). 

Table 1. Response characteristics of some penicillinCTOA electrodes sensitive to 
nenicillin drugs 

Drug ion Slope, Linearity Detection 
Electrode sensed -mV/log C range, mM limit, mM 

Oxacillin-CTOA Oxacillin 58.3 + 1.0 5fkO.02 0.006 
BenzylpenicillinCTOA Benzylpenicilhn 59.1+ 1.2 50-0.1 0.04 
AmpicillinCTOA Ampicillin 59.3 + 1.3 50-0.2 0.05 _ 
Plasticizer: DBP; membrane concentration: 0.005M. 

Table 2. Effect of membrane plasticizer and membrane concentration 

Membrane Linearity Detection 
Membrane concentration, Slope, range, limit, 
plasticizer mM -mV/log C mM mM 

DBP 0.5 57.3 + 1.5 5fkO.l 0.04 
5 58.0 f 1.0 50-0.03 0.01 

10 58.0 f 1.0 5fkO.03 0.01 
TBP 5 58.0 + 1.0 50-0.04 0.015 
DOP 5 51.5 * 0.7 50-0.3 0.1 
DDP 5 58.0 f 1.4 5fkO.3 0.1 

Electroactive material: oxacillin-CTOP. 
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Selectivity Table 6. Determination of penicillin drugs by potentiometry 

Selectivities of the oxacillin-CTOA, oxacillin- with an inverted penicillindrug selective electrode’ 

CTOP, benzylpenicillin-CTOA and ampicillin- 
CTOA electrodes were evaluated by the mixed- 
solution and separate-solution procedures in order 
to investigate the influence of common interferents 
on the electrode response. The results are listed in 
Table 4. Electrode selectivity towards perchlorate, 
iodide, thiocyanate, nitrate and nitrite salts is rather 
poor. 

The Z/r2 criterion has been suggested for charac- 
terizing the selectivity of electrodes towards inorganic 
ions.16 We have examined the selectivity coefficients 
of the inorganic ions listed in Table 4 in terms of 
Z/r2. Correlation coefficients of 0.82-0.84 were ob- 
tained for the four electrodes tested (Table 5). 

Drug 
Added, 

M 
Found, Recovery, 

H % 

Oxacillin 

Ampicillin 

Benzylpenicillin 

2.207 
8.828 

44.14 
220.7 

6.988 
17.47 
34.94 

174.7 
7.127 

17.82 
35.64 

178.2 

2.31 
8.89 

44.4 
215.7 

7.20 
17.88 
34.90 

170.7 
7.43 

18.23 
35.6 

182.3 

104.7 
100.7 
100.6 
97.7 

103.0 
102.3 
99.9 
97.7 

104.2 
102.3 
99.7 

102.3 

*Electrode: all-solid-state oxacillin-CTOA electrode with a 
gold substrate. 

Table 3. Response of the oxacillin_CTOA electrode towards benzylpenicillin 
and ampicillin 

Slope, Linearity range, Detection limit, 
Ion sensed - m V/log C mM mM 

Renzylpenicillin 58.5 * 1.5 50-0.1 0.04 
Amicillin 57.5 f 2.1 5WJ.2 0.06 

Preconditioning time: 10 hr. 

Table 4. Log Kr’ for the penicillin-drug selective electrodes 

Electrode 

Interferent 
C,$ 

mM I’ II* 111t IVt l/(Z/r2) 

Ammonium fluoride 
Sodium chloride 
Potassium bromide 
Potassium iodide 
Potassium thiocyanate 
Sodium nitrate 
Sodium nitrite 
Sodium perchlorate 
Sodium carbonate 
Sodium sulphate 
Aspartic acid 
Alanine 
Glycine 
Glutamic acid 
Sulphosalicylic acid 
Urea 
Ampicillin 
Renzylpenicillin 
Tetracycline hydrochloride 
Streptomycin sulphate 
Glucose 
Starch 

1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
1 

10 
1 
1 
1 
1 
1 
0.1 
0.1 
0.1 
0.1 
1 

$.I%, 

-0.85 
-0.45 
-0.21 

0.65 
0.90 
0.05 

-0.20 
1.50 

-1.95 
-2.10 
- 1.28 
-1.10 
-1.03 
-0.94 

0.14 
-0.10 
-0.60 
-0.40 
-0.62 

-0.90 -0.60 -0.81 
-0.50 -0.41 -0.39 
-0.20 -0.21 -0.48 

0.70 2.31 2.79 
0.95 2.83 3.34 
0.07 1.10 1.55 

-0.15 0.12 0.45 
1.60 4.07 4.53 

- 1.96 - 1.12 - 1.07 
-2.10 -1.28 -1.38 

-0.82 -0.31 
-0.76 -0.21 
-0.58 -0.16 
-0.41 -0.02 

0.61 0.97 
-0.11 
-0.58 
-0.35 
-0.45 
- 1.95 - 1.72 
-1.52 -1.20 

No interference 

1.42 
2.80 
3.31 
4.24 
3.80 
3.57 
2.40 
4.00 
1.71 
2.65 

I: Oxacillin-CTOA electrode; II: oxacillin-CTOP electrode; III: benzylpenicillin-CTOA 
electrode; IV: ampicillin-CfPA electrode. 

*Mixed-solution procedure @H 7.02). 
tseparate-solution procedure (C, = C, = O.OOlM), pH 7.02. 

Table 5. Relationship between electrode selectivity and ionic parameter 
Z/r2 

Correlation 
Electrode Equation coefficient 

RenzylpenicillinCTOA log Kr’ = l.55(Z/r2)-’ - 3.90 0.82 
Ampicillin-CTOA 0.84 
Oxacillin-CTOA 

log K$+’ = 1.78(Z/r2)-’ - 4.37 
log K$’ = l.06(Z/r2)-’ - 3.50 0.84 

Oxacillin-CTOP log KY’ = l.OE(Z/r*)-’ - 3.56 0.84 
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Potentiometric determination of penicillin drugs 

The electrode can be used for rapid determination 
of penicillin drugs by direct potentiometry and the 
procedure is much easier and faster than the micro- 
bial method.’ Small amounts (pg) of penicillin drugs 
can be determined with the inverted all-solid-state 
electrode. Results of oxacillin, ampicillin and benzyl- 
penicillin determinations are listed in Table 6. All 
these drugs were determined by using an inverted 
all-solid-state oxacillm-CTOA electrode. The average 
recoveries were 100.9 + 2.9% (oxacillin), 100.7 + 2.4% 
(ampicillin) and 102.1 + 1.8% (benzylpenicillin). 

The electrode was also used for the determination 
of penicillin drug content in injections. The results 
were 99.1% (sodium benzylpenicillin), 98.9% (potas- 
sium benzylpenicillin) and 97.8% (sodium oxacillin), in 
agreement with the results obtained by the pharmaco- 
poeial method’ (99.0, 98.7 and 97.9% respectively). 
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MOHAMED A. KORANY*, MOHAMED H. ABDEL-HAY, MONA M. BEDAIR and AZZA A. GAZY 
Pharmaceutical Analytical Chemistry Department, Faculty of Pharmacy, University of Alexandria, 21521 

Alexandria, Egypt 

(Received 16 May 1988. Revised 15 April 1989. Accepted 20 June 1989) 

Summary-A simple and sensitive calorimetric method for the determination of some penicillins and 
cephalosporins is presented. The method is based on reaction with 2-nitrophenylhydrazine hydrochloride 
in presence of dicyclohexylcarbodi-imide and pyridine. The violet colour of the resulting acid hydrazide 
is measured at the appropriate wavelength. The method has been applied to determination of these 
antibiotics in bulk and dosage forms, with a coefficient of variation less than 2%. 

Various methods have been reported for the determi- 
nation of penicillins and cephalosporins, including 
titrimetric, spectrophotometric, fluorimetric, high- 
pressure liquid chromatographic and polarographic 
methods.’ Calorimetric methods for the determina- 
tion of penicillins have been based on reaction with 
chromogenic reagents such as copper sulphate,* cop- 
per acetate,’ mercuric chloride/imidazole,4 hydroxyl- 
amine/ferric ion,S hydrochloric acid/formaldehyde,6 
ammonium metavanadate,’ formaldehyde/chromo- 
tropic acid,* ceric salts’ and basic fuchsin.‘O Most of 
these methods are based on degradation of the penam 
skeleton of penicillins.’ There are few calorimetric 
methods for the determination of cephalosporins, 
however, because the chemical reactions characteris- 
tic of penicillins do not proceed readily with them, 
owing to the greater stability of the cephem skeleton.’ 
In general, the hydroxylamine/ferric ion’ and the 
ninhydrin” method are normally used for the colori- 
metric determination of cephalosporins. 

Munson and Bilous” reported a method for the 
determination of carboxylic acids, based on the di- 
cyclohexylcarbodi-imide (DDC) coupled reaction of 
2-nitrophenylhydrazine base (2-NPH) and carboxylic 
group in non-aqueous mixed solvent. The acid hy- 
drazide formed is extracted into aqueous sodium 
hydroxide solution to produce a blue colour. The 
method has been applied to the determination of 
some aliphatic acids and is not applicable to aromatic 
acids or aqueous solutions of acids. Miwa et aLI 

modified the Munson and Bilous method by using 
2-NPH . HCl instead of the free base. The methodI 
has been applied to the determination of a wide range 
of aliphatic and aromatic acids in aqueous ethanol in 
the presence of pyridine. 

*Author for correspondence. 

In the present method, penicillins and cephalo- 
sporins, being carboxylic compounds, react with 2- 
NPH * HCl in the presence of DDC and pyridine to 
develop violet products. The proposed reaction 
mechanism for penicillins is given in Scheme 1. The 
coloured products are I, and I,. Cephalosporins may 
proceed similarly to produce II8 and IIb (Scheme 1). 

EXPERIMENTAL 

Reagents 

2-Nitrophenylhydrazine hydrochloride solution, 0.24M. 
Dissolve 0.456 P of 2-NPH.HCl (meoared bv dissolvinn 
2-NPH in chl&oform, passing &y a hydrogen chloridi 
through the solution, collecting the precipitate and recrystal- 
lizing it from ethanol) in 100 ml of ethanol. 

Dicyclohexylcarbodi-ink& solution, 0.25M. Dissolve 
0.516 g of DCC in 100 ml of ethanol. 

Pyridine solution, 5.6% v/v. Dilute 5.6 ml of pyridine with 
ethanol to 100 ml. 

Ethanolic potassium hydroxide solution, 10%. Dissolve 5.6 
g of potassium hydroxide in 5 ml of distilled water and dilute 
to 100 ml with ethanol. 

Ethonolic hydrochloric acid solution, 2M. Dilute 17.8 ml 
of concentrated hydrochloric acid to 100 ml with ethanol. 

Standard drug solutions. prepare the following drug solu- 
tions in ethanol: 4mM penicillin G sodium, ampicillin 
(anhydrous), dicloxacillin sodium, oxacillin sodium, and 
amoxicillin; 2 mM benzathine penicillin G; 6 mM cephalexin 
sodium, cefotaxime sodium, cephapirin sodium, cephradine, 
cefozolin sodium and cefoperazone sodium. 

Procedures 

Calibration. Pipette appropriate volumes of the standard 
drug solution, to cover the calibration range given in Table 
1, into lO-ml standard flasks. To each flask add 1 ml each 
of the 2-NPH .HCl, pyridine and DCC solutions and stop- 
per the flasks tightly. Keep them for 2 hr at 25 f 1” in a 
water-bath. Then add 0.5 ml of 10% ethanolic potassium 
hydroxide solution, heat the flasks for 15 min at 60 f l”, 
then cool to room temperature and dilute to volume with 
ethanol. Measure the absorbance, in l-cm cells, against a 
reagent blank at 546 nm for penicillins and at 537 nm for 
cqhalosporins. 
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Penicitfin DCC 

NH-CO-NH 

Rr+ 

o=c -NH-NH 
OH- _ 

- R" 

NO2 -0-C=N-N 

IL *I, 

Scheme 1 

Capsules and injections. Place an accurately weighed 
portion of the mixed powder (from capsules or vials), 
equivalent to about 400 pmole of penicihins (200 cmole for 
benzathine penicillin G) or 600 pmole of cephalosporins, in 
a filter paper and extract the antibiotic by washing with 
ethanol, collecting the extract in a NO-ml standard flask, 
then dilute to volume with ethanol. Proceed as described for 
calibration. 

Amoxicillin suqwnsion. Extract the antibiotic from an 
accurately measured volume of the reconstituted suspen- 
sion, equivalent to about 400 ,umole of amoxicillin, with 
ethanol, as described for capsules and injections and pro- 
ceed as for calibration. If turbidity occurs after addition of 
the potassium hydroxide solution, centrifuge for 5 min and 
measure the absorbance of supematant solution. 

Determination of intact penicillin G sodium in presence of the 
alkali-in~ced ~~a~t~on product 

Preparation of degradation product. Weigh accurately an 
amount of the powder, equivalent to 400 pmole of penicillin 
G sodium, into a lOO-ml standard flask and add 20 ml of 
ethanolic 2M potassium hydroxide. Heat in a water-bath at 
60” for 15 min, cool to room temperature, neutralize with 
ethanolic 2M hydrochloric acid (volume predetermined with 
a duplicate sample) and dilute to the mark with ethanol. 

0.9 

0.1 

8 
E ox 
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! 
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460 540 62.0 700 
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Calibration. Transfer duplicate volumes (0.10, 0.15, 0.20, Fig. 1. Absorption spectra for the coloured reaction pro- 
0.25, 0.30 and 0.35 ml) of 4mM penicillin G sodium ducts of: 1 pmole of penicillin G sodium (-); 2 pmole of 
solution into two sets (a and b) of lo-ml standard flasks. To ampicillin (. . . J; 3 pmole of cephalexin sodium (-.-.-.); 
all flasks of set b, add 2.0 ml of ethanolic 2M potassium reagent blank (-----). 
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Fig. 2. Influence of 2-NPH. HCl concentration on the colour 
intensity developed from: 1 pmole of penicillin G sodium 
(-); 2 pmole of ampicillin (. . .); 3 pmole of cephalexin 

sodium (-.-.--). 

hydroxide solution, heat at 60” for 15 min, cool and then 
neutralize with ethanolic 2M hydrochloric acid (predeter- 
mined amount). To all flasks of set a, add 4 ml of ethanol. 
Then apply the general procedure to both sets of flasks, 
starting from addition of 1 ml each of the 2-NPH .HCl, 
pyridine and DCC solutions. Measure AA = A, - A, for 
each pair of samples. Plot AA against penicillin G sodium 
concentration. 

Procedure for mixtures of pure and degraded penicillin. 
Prepare two sets of mixtures (a’ and b’) containing 0.10, 
0.15, 0.20, 0.25, 0.30 and 0.35 ml of 4 mM penicillin G 
sodium and 0.05 ml of 4 mM degradation product in 10 ml 
standard flasks. Proceed as for calibration for the intact 
penicillin, starting from addition of 2 ml of ethanolic 2M 
potassium hydroxide to set b’. Measure AA’ = A; - Ai for 
each pair of solutions. Calculate the concentration of intact 
penicillin G sodium by reference to the corresponding 
calibration. 

RESULTS AND DISCUSSION 

The absorption spectra of the reaction products of 
2-NPH * HCl with penicillin G sodium, ampicillin and 
cephalexin sodium are shown in Fig. 1. The violet 
products exhibit absorption maxima at 546 nm for 
penicillins and 537 nm for cephalosporins. 2- 
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Fig. 3. Influence of DCC concentration on the colour 
intensity developed from: 1 pmole of penicillin G sodium 
(-); 2 pmole of ampicillin (. . . .); 3 pmole of cephalexin 

sodium (-.-.-). 
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Fig. 4. Influence of pyridine concentrations on the dour 
intensity developed from: 1 pmole of penicillin G sodium 
(-); 2 pmole of ampicillin (. . . .); 3 ymole of cephalexin 

sodium (- . - -). 
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Fig. 5. Influence. of heating time on the colour intensity 
developed from 1 pmole of penicillin G sodium (a); 2 pmole 
of ampicillin (b); 3 pmole of cephalexin sodium (c) at 
various temperatures: 25” (-); 40” (. . . .); 60” (-.-.-). 
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Table 1. Analvtical characteristics for oenicillins and ceohalosuorins bv the DrODOSed calorimetric method 

Compound 

Beer’s law 
range, 

umolell0 ml 

Apparent 
Linear regression molar 

Correlation absorptivity, 
Slope Interceot coefficient RSD*. % I.mole -‘.cm -’ 

Penicillin G sodium 0.4-2 0.410 0.0342 0.9998 0.7 4.48 x lo3 
Ampicillin (anhydrous) 0.4-2 0.432 0.0364 0.9996 
Dicloxacillin sodium 0.42 0.394 - 0.0075 0.9994 
Oxacillin sodium 0.42 0.355 -0.0033 0.9995 
Benzathine penicillin G 0.2-l 0.828 0.0505 0.9994 
Amoxicillin 0.4-2 0.438 0.022 1 0.9999 
Cephalexin sodium 0.6-3 0.281 0.0112 0.9999 
Cefotaxine sodium 0.6-3 0.255 -0.0019 0.9998 
Cephapirin sodium 0.6-3 0.272 0.0081 0.9999 
Cephradine 0.6-3 0.309 0.0189 0.9999 
Cefazolin sodium 0.6-3 0.267 -0.0089 0.9999 

1.1 4.61 x lo3 
0.8 3.90 x 10’ 
1.0 3.53 x 103 
1.0 9.28 x lo3 
0.6 4.61 x 10’ 
0.6 2.87 x 10’ 
0.9 2.54 x 10) 
0.4 2.76 x IO’ 
0.3 3.21 x lo3 
0.2 2.62 x lo3 

Cefoperazone sodium 0.63 0.241 0.0108 

*Relative standard deviation (five replicate determinations). 

0.9999 0.6 2.46 x lo3 

NPH .HCl solution in ethanol is orange, but the 
reagent blank solution becomes brown after addition 
of ethanolic potassium hydroxide solution, and is 
then decolorized to a faint yellow when the solution 
is warmed at 60” for 15 min, and displays slight 
absorption at both 546 and 537 nm (Fig. 1), which is 
why measurements must be made against a reagent 
blank. The similarity of the absorption bands of the 
reaction products for both penicillins and 
cephalosporins indicates that the products have sim- 
ilar nature. 

The concentration of 2-NPH .HCl, DCC, and 
pyridine, the heating temperature and the heating 
time were optimized to achieve high sensitivity, low 
blank readings and high stability. These conditions 
were investigated with penicillin G sodium, ampi- 
cillin, and cephalexin sodium. Figures 24 show the 
results for the reagent optimization, and Fig. 5 the 
results for the temperature and heating time study. 
The pyridine may act as a catalyst in the coupling 
reaction with DCC? and thus enhance the colour 

intensity. Once formed, the colour is stable for at least 
an hour. 

The analytical characteristics are summarized in 
Table 1. The method has been applied to the determi- 
nation of the antibiotics in pharmaceutical prepara- 
tions, and the results obtained were compared with 
those obtained by using the official USP iodometric 
methodI (Table 2). The t- and F-tests show that 
there is no significant difference between the accuracy 
and precision of this and the USP method. 

To test the selectivity of the method, the procedure 
was applied to both intact penicillin G sodium and its 
alkali-induced degradation product at the same 
molar concentration. The degradation product” is 
prepared by heating with ethanolic potassium hy- 
droxide for 15 min at 60” and then neutralizing with 
ethanolic hydrochloric acid. The absorbance of the 
violet reaction product from the degraded penicillin 
was found to be twice that for the product from the 
intact penicillin (Table 3). This indicates that the 
degraded penicillin (in which the /?-lactam ring is 

Table 2. Determination (n replicates) of penicillins and cephalosporins by the proposed calorimetric method 
and the iodometric methodi 

Recovery k s.d., % 

Sample 

Penicillin G sodium injection (lo6 units/vial) 
Ampicillin capsules (500 mg) 
Injection (1000 mg/vial) 
Dicloxacillin sodium capsules (250 mg) 
Oxacillin sodium injection (250 mg/vial) 
Benzathine penicillin G injection (1.2 x 10“ units/vial) 
Amoxicillin capsules (500 mg) 
Amoxicillin suspension (125 mg/5 ml) 
Cephalexin sodium injection (1000 mg/vial) 
Cefotaxime sodium injection (500 mg/vial) 
Cephapirin sodium injection (1000 mg/vial) 
Cephradine injection (500 mg/vial) 
Cefazolin sodium injection (1000 mg/vial) 
Cefoperazone sodium injection (1000 mg/vial) 

Calorimetric Iodometric 
method method 
(n = 6) (n = 4) r* F* 

100.1 f 1.3 100.3 f 1.3 0.32 1.07 
99.9 + 0.8 99.2 + 0.6 1.59 1.50 
99.8 + 0.7 99.0 + 1.5 1.39 3.85 

100.2 * 0.9 100.3 * 1.5 0.03 2.65 
100.4 f 0.7 101.9 + 0.7 0.62 3.66 
100.4 + 0.0 99.7 * 1.3 0.99 1.95 
100.0 + 0.9 99.1 + 1.5 1.15 3.37 
100.1 + 0.3 99.9 k 1.8 0.56 2.09 
100.0 f 0.6 100.0 + 1.9 0.48 2.42 
100.3 + 0.9 100.0 * 1.4 0.38 2.54 
99.9 f 0.4 100.3 + 1.2 0.64 2.04 
99.9 * 0.3 100.9 k 0.6 1.57 2.26 
99.9 f 0.2 100.0 * 1.5 1.73 4.24 
99.8 f 0.6 99.7 * 1.7 0.73 1.25 

*Tabular values: F = 5.41, f = 1.86 at p = 0.05. 
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Table 3. Determination of intact penicillin G sodium in synthetic mixtures containing the 
alkali-induced degradation product 

Standard penicillin G sodium Synthetic mixtures 

Concentration, Added degraded 
pmole/lOml A, A, AA penicillin,* % A: A; AA’ Recovery,? % 

0.40 0.199 0.402 0.203 33.3 0.374 0.577 0.203 104.8 
0.60 0.293 0.579 0.286 25.0 0.480 0.779 0.299 101.8 
0.80 0.393 0.792 0.399 20.0 0.586 0.976 0.390 99.0 
1.00 0.497 0.986 0.489 16.6 0.711 1.211 0.500 101.1 
1.20 0.590 1.163 0.573 14.2 0.787 1.370 0.583 98.1 
1.40 0.696 1.411 0.715 12.5 0.885 1.570 0.685 98.6 

*The concentration of the intact penicillin G sodium is within the range 0.40-1.40 ymole 
per 10 ml and each mixture contains alkali-induced degradation product corresponding 
to 0.20 pmole of penicillin G sodium. 

TRecovery: % of intact penicillin G sodium in the synthetic mixture. 

opened), with two carboxyl groups per molecule, will 
couple with two molecules of 2-NPH * HCl, thus 
resulting in doubling of the absorbance. Therefore, 
the procedure is not selective for penicillins in the 
presence of these degradation products. However, a 
different method can solve this problem. If the 
absorbance for the sample is determined (A,) and 
also the absorbance for a duplicate sample that has 
been totally degraded (A*), then A, - A, should be 
the absorbance for the intact penicillin in the first 
solution. Synthetic mixtures of penicillin G sodium 
and its degradation product were analysed by this 
procedure. The results (Table 3) show that the 
method is satisfactory. 

1. 
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Summar-An analytical method, based on differential pulse polarography, for determination of arsenic, 
selenium and tellurium in solid matrices, is described. The method involves decomposition of the matrix 
with a mixture of nitric, perchloric and hydrofluoric acid, isolation of tellurium from the other analytes 
by liquid-liquid extraction (from 4M hydrochloric acid with methyl isobutyl ketone), and determination 
of the analytes. Tellurium is determined separately, and arsenic is determined in the same solution as 
selenium after determination and oxidation of the selenium and addition of catechol. Graphitized carbon 
black and chelating resin were used to eliminate the organic solvent in the aqueous solution and avoid 
interferences due to the other metals of the matrix. The decomposition, the influence of each analyte on 
the determination of the others, and the extraction process were given particular attention. The method 
is characterized by >96% recovery, with a relative standard deviation ranging from 2 to 10% at ppm 
levels. 

To evaluate the health risk due to toxic elements from 
man-made sources and to study their environmental 
mobilization, highly sensitive and selective analytical 
methods for their determination in natural matrices 
are needed, particularly in the case of trace elements, 
because of interference problems due to macrocom- 
ponents of the matrices. 

Electroanalytical techniques such as differential 
pulse polarography (DPP) or stripping voltammetry, 
besides allowing the determination of the elements at 
ng/ml levels, are also particularly suitable for speci- 
ation studies. I-3 Earlierc6’ we studied the determina- 
tion and speciation of selenium in natural waters by 
electroanalytical techniques, as well as its cyclic 
voltammetric behaviour at the hanging mercury drop 
electrode. 

The present paper deals with a DPP method for 
determination of selenium together with tellurium 
and arsenic, which are usually associated with it in 
solid matrices (rocks, minerals etc.). 

Simultaneous determination of different elements 
by DPP is possible if their peak potentials are suffi- 
ciently far apart (> 100 mV) and provided that their 
electrode reactions do not mutually interfere. This 
aspect, as well as the more general problem of 
interferences due to the macrocomponents of the 
matrix, is very important. In addition, further com- 
plications arise in this case from the similar physico- 
chemical properties of the three elements. For these 
reasons the present work was developed with due 
regard to the choice of the polarographic medium, 

*Present address: Department of Environmental Protection, 
PAS-SCAMB-ECOL, ENEA, CRE Casaccia, Rome, 
Italy. 

verification of the polarographic behaviour of each 
element, investigation of mutual interferences, exam- 
ination of possible losses during the decomposition, 
and application of the method to simulated and 
reference samples. 

Of the various oxidation states of these elements, 
we considered only Se(W), Te(IV) and As(V), since 
these are the states expected to be produced in the 
decomposition. It was assumed that Se(W), Te(V1) 
and As(II1) would be present in negligible amounts or 
not at all. 

EXPERIMENTAL 

Apparattlr 

All the DPP measurements were made with an Amel 472 
polarograph (Amel, Milan, Italy) equipped with potentio- 
static control. An SCE was used as reference, and a 
platinum ring as counter-electrode. The working electrode 
was a Metrohm E.A. 1019/2 dropping mercury electrode 
(DME) with a mercury head of 66 cm. A pulse height of 
- 50 mV, a drop-time of 2 set and a sweep/rate of 2 mV/sec 
were used throughout. 

Reagents 

As standard arsenic(V) and selenium(IV) solutions we 
used Merck l-g/l. standard solutions for atomic-absorption 
spectrometry. A standard solution of tellurium(IV) was 
prepared by dissolving 1.2508 g of TeG, (Merck 99.999% 
pure) in concentrated hydrochloric acid and diluting to 
volume in a I-litre standard flask. More dilute standard 
solutions were. obtained by dilution: those of concentration 
a20 ppm were stored at 4” and changed monthly, the less 
concentrated ones were prepared daily. The GXR-4 refer- 
ence geological sample was supplied by the US Geological 
Survey. The sodium hydroxide and mineral acids were 
Merck Suprapur products; all other reagents were either 
Carlo Erba or Merck products of analytical grade. The 
graphitlzed carbon black (GCB) was Supelco Carbopack B 
(SO-100 mesh; 100 m2/g specific area) and the chelating resin 
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was Bio-Rad Chelex-100 (lC&200 mesh). Doubly distilled 
mercury and water demineralized in a Millipore Milli-Q 
system were used throughout. 

Procedure 
A 0.3-g sample is weighed into a Teflon beaker and left in 

contact with 5 ml of concentrated hydrofluoric acid at room 
temperature for 12 hr. Then 5 ml of concentrated nitric 
and 5 ml of concentrated perchloric acid are added and the 
covered beaker is kept at 100” for 5 hr. The cover is then 
removed and the acids are evaporated nearly to dryness. The 
residue is taken up with 3.5 ml of concentrated hydrochloric 
acid, and 6.5 ml of demineralized water are added, giving a 
solution with a hydrochloric acid concentration slightly 
greater than 4M. This solution is shaken for 2 min with 5 
ml of methyl isobutyl ketone (MIBK). The phases are let 
stand for 5 min and are then separated: the aqueous solution 
contains the selenium and the arsenic, and the organic phase 
the tellurium, which is easily stripped by shaking the MIBK 
phase with 10 ml of water. 

Each of the aqueous phases (one containing Se + As, the 
other Te) is stirred with 1 g of Chelex-100 and the pH is 
adjusted to 3-4 by addition of sodium hydroxide. The resin 
is filtered off and washed with water, and the filtrate and 
washings are passed through a column of GCB at 2 ml/min, 
and washed through with water. The column is prepared by 
filling a 2-cm internal diameter glass tube (equipped with a 
frit and a tap) with an 8-cm bed of CGB, which is first 
washed with methanol, then O.lM hydrochloric acid, and 
finally demineralized water until the effluent is neutral. The 
column can be used for at least ten samples. 

The solutions and washings passed through the GCB 
column are made lM in hydrochloric acid and diluted to 
volume in a standard flask (25 or 50 ml). The solutions are 
then deaerated by passage of pure nitrogen for at least 
15 min, and kept under a nitrogen atmosphere while their 
DP polarograms are recorded. The peak height is measured 
at the peak potential given in Table 1. For the sele- 
nium/arsenic solution, the selenium is determined first, then 
the Se(N) is oxidized to Se(V1) with 50 ~1 of saturated 
potassium permanganate solution’ and the solution is made 
0.5M in catechol by addition of the solid, for determination 
of the arsenic. A correction is applied for the increase (1 ml) 
in the volume of the solution. 

RESULTS AND DISCUSSION 

Polarographic &terminations 

Arsenic(V), like selenium(U) and tellurium(VI), is 
not polarographically active in the commonly used 
media, but becomes active in highly complexing 
media such as concentrated hydrochloric acid, or 
phosphoric acid or acidic solutions of polyhydroxy 
compounds such as catechol,’ pyrogallolg and D- 

mannitol.” In contrast to earlier work’G’2 in which 
total arsenic was determined as As(II1) after a suit- 
able reduction step, we prefer to determine it as 
As(V), because this is easier. 

We have selected hydrochloric acid as the support- 
ing electrolyte, because of the use of this acid in the 
preliminary steps. A hydrochloric acid concentration 
of 1M is used for all three elements, because it was 
found that at this concentration the tellurium could 
be determined (Kopanica and Stara” quoted an 
optimum of 0.1-0.2M hydrochloric acid, but did not 
investigate higher concentrations). 

Table 1 lists the polarographic data. The tellurium 
can be determined in the same solution as either 

Table 1. Different experimental differential pulse polaro- 
graphic parameters for the three analytes considered 

Medium, 
Species M 

Se(IV) 1.0 HCl . , 
2.0 HCl 

Te(IV) 0.1 HCl 
0.5 HCl 
1.0 HCl 

1.0 HClO, 

As(V) 1.0 HCl 
0.5 catechol 

As(V) 1.0 HCl 

Linearitv 

4 
mV 

range, 
pggll. 

d&,ldC, 
pA.ml.pg-’ 

-440 up to 200 1.24 
-415 up to 200 1.24 

-800 up to 500 29.92 
-770 up to 500 29.92 
-760 upto 29.92 
-730 up to 500 29.92 

-440 up to 4000 0.074 

0.5 pyrogallol -440 up to 4000 0.056 

selenium or arsenic. Catechol gives higher sensitivity 
than pyrogallol for determination of arsenic. The 
possibility of mutual interference in the polarography 
was examined. Figure 1 confirms the report by Stara 
and Kopanica’4 that the selenium can be determined 
in presence of the tellurium but strongly depresses the 
tellurium signal. However, the selenium calibration 
graph (which is the same with or without tellurium 
present) consists of two straight lines; the one at 
higher concentrations has a higher slope, and gives a 
positive intercept on the abscissa when extrapolated. 
Stara and Kopanica also found the same value of the 
intercept, though their calibration curve was a single 
straight line. 

To find whether the standard-addition method 
could be used to determine the tellurium in the 
presence of selenium, tellurium calibrations were 
made in presence of increasing amounts of selenium. 
Figure 2 shows that the presence of selenium narrows 
the linearity range, and shifts the curve. This could be 
due to formation of elemental selenium, which affects 
the catalytic evolution of hydrogen.” The selenium is 
formed in the diffusion layer, and consequently on 
the electrode surface, by reaction between the electro- 
chemically formed H,Se and the H, SeO, diffusing 
from the bulk solution.6,‘6 However, if the calibration 
curves are extrapolated, the intercepts on the abscissa 
(tellurium concentration) are directly proportional to 
the concentration of selenium present. Thus, the error 
in the tellurium determination is closely related to the 
selenium concentration in the sample. 

Arsenic(V), in the absence of catechol, does not 
affect the tellurium determination. In the presence of 
As(V) and catechol, tellurium can be determined, 
though with only about a tenth of the sensitivity for 
tellurium alone. 

It is evident that it would be best to separate the 
selenium and determine it separately, and to deter- 
mine the other two elements sequentially: first the 
tellurium, then the arsenic after addition of catechol. 

Decomposition of the sample 

There is little literature on the behaviour of tel- 
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Fig. 1. Calibration graph for selenium (0) in presence of a 
Axed concentration of tellurium (80 pg/l.) and trend of the 

tellurium signal (a). 

lurium during the dissolution of solid matrices and 
rather contradictory information about losses of sele- 
nium.‘7-23 We therefore examined the dissolution for 
possible loss of selenium and tellurium. Arsenic was 
not tested, because the literature reports that no loss 
occurs.22’24*25 The tests involved simulation of the 
decomposition step, with known amounts of the 
analytes. We had found earlier4 that unlike sulphuric 
acid, nitric acid did not cause loss of selenium. Since 
the nitric-perchloric-hydrofluoric acid mixture is one 
of the most widely used, we first tested the effect of 
perchloric acid on the recovery of selenium (the 
information for nitric acid being already available). 
Later we tested the individual effects of nitric acid 
and perchloric acid on recovery of tellurium. Finally, 
the triple-acid mixture was tested. Table 2 shows that 
neither selenium nor tellurium is lost by volatilization 
during the decomposition step. 

Separations 

Liquid-liquid extraction has frequently been used 
for separation of the three elements.‘4~2~30 Selenium 
and tellurium can be separated by extraction of their 
diethyldithiocarbamate complexes (formed at differ- 
ent pH values) into carbon tetrachloride.26 Arsenic(V) 
and selenium(N) can be isolated from tellurium(IV) 
by extraction with di-isopropyl ether from 8M hy- 
drochloric acid.‘4*27 The three can also be separated 
from other matrix constituents in acidic media (hy- 
drochloric or hydrobromic) by extraction with vari- 

ous ketones.2”w In particular, tellurium, along with 
arsenic(V), and some other elements should be quan- 
titatively isolated from selenium by extraction into 
MIBK from SM hydrochloric acid.M Since Jordanov 
and Fuketov also reported that selenium is retained 
in the aqueous phase in extractions with MIBK from 
solutions <5M in hydrochloric acid, we examined 
this system further. Figure 3 shows that our results 
agree with the literature data regarding tellurium, but 
that selenium begins to be extracted at -4.6M 
hydrochloric acid concentration and arsenic extrac- 
tion starts at N 5.6M acidity. 

Thus tellurium could be readily separated, but 
either a further extraction step would be needed for 
separating the selenium from arsenic or both would 
have to be determined in the same solution. The 
second alternative, by the method reported by 
Adeloju et al.,’ seemed easier. 

Removal of interferences 

During the verification of the extraction procedure 
it was found3’ that the MIBK dissolved in the 
aqueous phase interfered in the selenium and tel- 
lurium determinations. This problem was overcome 
by removing the MIBK with GCB, which retained it 
completely. In the “real” sample analyses, this treat- 
ment was performed after the elimination of interfer- 
ing matrix elements, which were often at very high 

I 40 nA 

tg/l. Te 

Fig. 2. Calibration curves for tellurium in presence of 
different fixed amounts of selenium. 
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Table 2. Sim~ation of the matrix solu~~~tion step with dierent 
decomposition reagents 

Taken,* Found,* Recovery, 
Analyte Acid HII. PLrll. % 

Selenium HCIO, 100 105.0 f 6.6 105 
HNO, + HCIO, + HF 120 119.0 f 8.3 99 

Tellurium HNO, 200 199.3 f 1.1 100 
HClO, 200 199.5 f 6.5 100 

HNO, + HClO, + HF 200 203.7 f 3.2 102 

*Concentration calculated for 25 ml volume. 

0 1 2 3 4 5 6 

CHClftMl 

Fig. 3. De8ree of extraction percentage of (A) 
~liu~~(I~, (0) selenium(IV) and (e) arsenic(V) into 

MIBK as a function of acidity of the aqueous phase. 

concentration. A chelating resin seemed most suitable 
for this purpose, and we chose Chelex-100, which is 
already widely used32*33 and behaved as we expected. 
Some tests showed that this resin, which can also act 
as axon-exchan~r,~ does not retain the Se(W), 
Te(IV) and As(V) if the samples contain a sufficient 
amount of salts, as in the present case. 

Table 3. Results for analysis of a synthetic 
sample 

Taken, Pound, Recovery, 
Species pgll* trglt. % 

As 2600 2500 + 49 96 

T”, 
200 198 f 21 99 
125 123.5 f 4.2 97 

Table 4. Determination of As and Se in a GXR-4 geological 
sample and comparison with the bibliographic data for the 
same analytes, obtained by different analytical techniques 

Found. 
SpCkS m/k; 
As 91.2 f 5.4 

68*10 
78 f 7.3 

117.5 + 3 
74.4 * 30 

96 f 5 

Se 6.37 f 0.94 
6.28 f 0.28 

Technique Reference 

DPP Present paper 
AAS 
AAS :; 
A AS 

Colorimetry :: 
ITNA 37 

DPP Present paper 
AAS 38 

Applications 

The method thus developed was first applied to a 
synthetic sample and then to a reference material. 
Tables 3 and 4 summarize the results. The relative 
standard deviation for the simulated sample ranged 
from 2 to IO%, and the recovery was (96%. No 
tellurium was detected in the GXR-4 reference sam- 
ple but the only available data for this element were 
the 1 and 1.3 ppm obtained by an AAS determina- 
tion.35 

The detection limit of the method (assumed as 
three times the standard deviation of the background) 
is 7.3,0.3 and 121 @g/l. respectively for the sellenium, 
tellurium and arsenic. 

The method, as shown in Table 4, gives good 
results for selenium and arsenic but probably needs 
further experimental work on the determination of 
tellu~um. 
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Snmmary-A simple procedure for evaluation and verification of results obtained by atomic-absorption 
analysis is proposed. It allows estimation of the correct results in the presence of unknown strong 
interferents and does not require any preliminary information about the sample to be analysed. The 
concept of the procedure arises from theoretical considerations of various types of interference effects on 
the form of calibration curves. The procedure may be considered as a combination of the standard 
addition and successive dilution methods. Although the procedure was developed and tested for 
atomic-absorption analysis it seems to be applicable to all analytical techniques in which preliminary 
elimination of non-specific interference signals that are independent of the analyte concentration is 
possible. 

Searching for the best way of eliminating matrix and 
interferent effects is a permanent quest in modern 
chemical analysis. Separation of the analyte from 
the sample matrix is laborious and time-consuming 
and may itself induce errors. Consequently there is a 
strong tendency to use computational methods to 
eliminate interferences. The most universal method 
of this type seems to he the generalized standard 
addition method (GSAM)‘s* which is based on the 
classical standard addition method used in multi- 
component analysis. It was shown in a series of 
papers that this method may be adapted to various 
analytical techniques. Recently a new computational 
method dedicated to atomic-absorption analysis’ has 
been published. It allows calculation of corrections 
for complex analytical systems on the basis of charac- 
teristic coefficients estimated for the individual inter- 
ferents. The general shortcoming of all of these 
methods is the necessity to prepare a large number of 
solutions with different standard additions of all the 
components of the sample’ or to estimate the charac- 
teristic coefficients of all of them.3 Both operations 
are laborious so these methods are mainly useful only 
for routine analysis of materials of similar and well 
defined composition. 

Very often the analyst faces the problem of deter- 
mining one or a few of the components, sometime 
trace components, of a completely uncharacterized 
sample. In such cases the standard addition method 
proposed by Chow and Thompson4 is commonly 
used, despite the fact that it does not always give 
correct results. The procedure proposed by Gilbert5 
and called the successive dilution method has not 
been widely applied. The shortcomings of both 
methods have been discussed by Shatkay,6 who has 
proposed a new procedure called the changing 
parameter method. M Although this method seems 

to give the correct results it is too laborious for 
everyday use. The main shortcomings and abuse 
of the standard addition method have been more 
recently discussed by Welz.” 

In this paper we propose a new approach for 
evaluation of results. It is based on the assumption 
that the most serious difficulties in the evaluation of 
atomic-absorption results are caused by non-spectral 
interferences. Spectral interferences, with the excep- 
tion of direct overlap of spectral lines, may be elimi- 
nated by correction for the non-specific absorption. 
The overlapping of lines may be neglected since it 
happens very seldom and may easily be anticipated. 

The new approach is called the standard addition 
and successive dilution (SASD) method. It resulted 
from consideration of some general regularities ob- 
served in the distortion of analyte calibration curves 
by the presence of various interferents. Although the 
approach has some limitations, it enables not only 
easy interpretation of analytical results for all types 
of samples but also verification of their reliability. 

THE EFFECT OF INDIVIDUAL INTERFERENTS 
ON CALIBRATION CURVES 

A general empirical formula which describes the 
effect of various types of non-spectral interferences in 
atomic-absorption analysis has been formulated:’ 

AC = cI cA 

a’ + b’c, + d’c, + e’ci + g’c,c, + h’c: 
(1) 

where AC is the interferent effect, expressed as the 
difference AC = cAPP - c, between the true concen- 
tration of the analyte, cA, and the apparent concen- 
tration, cApp, measured from the calibration graph 
for the pure analyte, c, is the concentration of an 
interferent in the sample, and a’, b’, d’, e’, g’ and 
h’ are constants characterizing a given analyte- inter- 
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Fig. 1. Various types of interferent effects on the calibration 
curve. 

ferent system and are estimated experimentally for a 
defined range of cA and c, values. 

Equation (1) is rather complicated and inconve- 
nient for application. However, the terms involving 
coefficients e’, g’ and h’ are usually a few orders of 
magnitude smaller than a’, b’ and d’ (see Table 2 in 
reference 3) and for many analytical systems one, two 
or all three of them are equal to zero. Therefore the 
group of terms e’ei + g’cAcr + h’c: serves only as a 
fine adjustment enabling precise fitting of the func- 
tion to the experimental data, and is significant only 
in the rare cases when the function Ac(c,) has a 
maximum. So equation (1) may be simplified to 

AC = 
c1 cA 

a’ + b’c, + Cc, 
(2) 

The interferent effect may also be expressed as 

AR=R-R, (3) 

where AR is the signal due to the interferent, R the 
signal due to the analyte in presence of the interfer- 
ent, and RA the signal to the same concentration of 
the analyte in the absence of interferent. If the 
calibration plot is linear, with slope k, then 

R,= kc,. (4) 

When the signal R obtained for a sample containing 
an interferent is evaluated by means of this calibra- 
tion plot the cApp value found is cApp = R/k and the 
interferent effect AC is simply proportional to the 
value of AR. Therefore, equation (2) may be trans- 
formed, after a proper change of the values of the 
coefficients a’, b’ and d’, into 

AR = CICA 

a + bcA + dc, 
(5) 

AR is positive when the interferent enhances the 
analyte signal and negative if it decreases the signal. 
The equation of the calibration plot in the presence 

of an interferent is 

” 
a + bC, + dc, > 

CA 

The various forms of equation (6) and their relation 
to AR are shown in Fig. 1, and their properties may 
be summarized as follows. 

(1) The values of c, and c, are always larger than 
or equal to zero, so the sign of AR depends on the 
signs of a, b and d. 

(2) The coefficients a and d always have the same 
sign. If a is zero, b and d have the same sign. 

(3) If an interference effect exists, then d is never 
zero but a or b may be zero in some systems. 

(4) At the point where a + bc, + dc, = 0, functions 
(5) and (6) are discontinuous. However, this point is 
always far beyond the analytical range of concen- 
trations considered and has no practical meaning. 

(5) If b has the same sign as a and d, then for 
increasing c, the plot of equation (6) bends towards 
the line R = kc, which corresponds to equation (6) 
when c, = 0 (Fig. 1, curves B, B’, C and C’). If b = 0 
then equation (6) becomes 

R =(k +--&--CA (7) 

which is linear when c, is constant and may be 
expressed as R = k’c, (Fig. 1, curves D and D’). If 
the sign of b is opposite to the sign of a and d, then 
the function (6) bends away from the line R = kc, 
(Fig. 1, curves E and E’). 

(6) If 

then 

(a l>>lbc,+ dc,l (8) 

Re k+z cA 
( > 

and a plot of R vs. cA is linear. This occurs for diluted 
solutions of analytical samples. 

(7) If a = 0, then 

R=(,+&& (10) 

which may also be written as 

R =[k +a]~, (11) 

which describes an analyte-interferent system in 
which the magnitude of the interference effect is not 
directly dependent on the interferent concentration, 
but on the concentration ratio c,/c,, which may be 
considered as the relative concentration of the inter- 
ferent. 

(8) If 

lbc,l<<lU + dc,l w 

then equation (6) approximates to equation (7). This 
happens for systems containing a low concentration 
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of analyte and a large excess of interferent. In such 
cases R is a linear function of cA in the given 
concentration range, If, in addition, a = 0, then 

Rx k+; cA 
( > 

(13) 

(9) If the sign of b is the same as that of a and d, 
and 

Ibc,>>la + dc,J (14) 

then 

ARC? (1% 

and 

R =kc,+; 

This often happens when a = 0 and c, is small. For 
a sufficiently high concentration of analyte the cali- 
bration curve obtained when interferent is present 
becomes parallel to the calibration curve of the pure 
analyte and is shifted from it by a distance equal to 
c, /b (Fig. 1, upper parts of curves B and B’). The case 
in which the sign of b is opposite to that of a and d 

and 1 bc,lm( a + bc,J has no practical meaning. The 
values of equation (6) are then beyond the discontinu- 
ity point. 

(10) In equation (6), if the signs of a, b and d are 
the same, two characteristic analyte concentrations, 
cA = cr, and c, = cP2 exist. These points demarcate 
three different segments of the calibration graph. 
These two c, values are not defined precisely. They 
may be fixed only arbitrarily and are dependent 
on the precision of the measurements. In atomic- 
absorption analysis, assuming that the precision is 
not better than l%, they may be defined on the basis 
of the inequalities (12) and (14) as follows: 

(17) 

The segment of the R vs. cA plot for cA < cr, approxi- 
mates a straight line; the segment for cr, < c, < cr., 
shows a strong curvature; and the segment for 
c, 2 cq approximates again a straight line parallel to 
the plot of equation (4). 

Usually the point c,,, and sometimes also cr., , is 
beyond the analytical concentration range con- 
sidered. Both points are clearly visible on curves B 
and B’ in Fig. 1. If cr.* is small and c, 2 cpz in all 
the standard solutions used for the calibration, then 
the experimental plot is a straight line crossing the 
ordinate at R = CA/b. This apparently suggests that 
the interferent causes a parallel shift of the whole 
calibration curve. 

EFFECT OF INTERFERENT MIXTURES ON 
CALIRRATION PLOTS 

The empirical equation which describes the partial 
effect AcPh of the k th interferent in a mixture of n 
different interferents was formulated previously.’ 
Like equation (2), it may be written in simplified 
form: 

AC,, = -&&e* 
a;A;+b;A;c,+d;c,, 

(19) 

where A; is a constant characterizing the contribu- 
tion of the kth interferent to the total interference 
effect. The other symbols are identical with those in 
equation (2) and their values are those related to the 
kth interferent when this is the only one present. 

The same transformation as for equation (2) gives 

ARpk = AS& 

‘%Ak + bkA,c, + dkcIh 
(20) 

where AR, is the partial interferent effect contributed 
by the kth interferent to the total interference effect 
of an interfering mixture. 

The value of Ak may be calculated from 

A = lARkI 
k n 

,;,I ARil 

where ARk is the effect caused by the same concentra- 
tion of the k th interferent when it is the only one 
present, and is calculated from equation (5). Individ- 
ual ARi values are calculated from equation (5) for 
each interferent present. 

The total interferent effect is the sum of the partial 
interferent effects: 

AR, = i (AR,, 1 (21) 
i=l 

The equation of the calibration curve in the presence 
of a mixture of interferents may be formulated by 
analogy to equation (6): 

$cl, 
cA (22) 

If the partial effect of the kth interferent is signifi- 
cantly larger than the sum of the effects of all the 
other interferents, i.e., the kth interferent is strong 
and present in large excess, then 

AR,>> i ARi 
i-L 
i#k 

and 

Ak,a I 

A,zO 
i=I.Z.....n 

i#k 

In such a case equation (22) takes the form 

ch 

uk + bk CA + dk C,k > 

CA (23) 
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which is identical with equation (6) for the kth 
interferent and shows that the analytical signal is 
significantly affected only by this interferent. 

TYPES OF CALIBRATION CURVES OCCURRING 
IN THE PRESENCE OF INTERFERENTS 

Type 1 

The curves of this type are the most common and 
are described by equation (6) when a, b and d have 
the same sign and cr., is not far beyond the upper limit 
of the analyte concentration range used (Fig. 1, 
curves C and C’). At low analyte concentrations, 
below c,,, these curves may be considered as linear 
and described by equation (7) or (9) according to 
whether inequality (12) or (8) holds. It follows from 
equations (12) and (13) that increasing interferent 
concentration increases c,, . An example is provided 
by the calibration curves for vanadium in the pres- 
ence of various amounts of magnesium (Fig. 2). 

Type 2 

This type, represented by curves D and D’ in 
Fig. 1, is also common. It occurs for b = 0 and may 
be described by equation (7). The presence of inter- 
ferents changes only the slope of the calibration 
curves. A typical example is calibration for chromium 
in the presence of iron (Fig. 3). 

Type 3 

The curves of this type occur when the sign of b is 
opposite to that of a and d and are seldom found. 
They are represented in Fig. 1 by curves E and E’. 
Like the curves of type 1 they may be approximated 
by a straight line for C~ < cr, and described by equa- 

CI 
(pg Mg/ml) 

25 50 75 100 

C, (pg V/ml) 

Fig. 2. Effect of magnesium on the calibration curve for 
vanadium in the nitrous oxide-acetylene flame. 

CI 
(pgFe/mll 

2 4 6 10 20 

C,(pgCr/ml) 

Fig. 3. Effect of iron on the calibration curve for chromium 
in the air-acetylene flame. 

tion (7) or (9). Examples are the calibration curves for 
strontium in the presence of molybdenum (Fig. 4) 
and indium in the presence of iron (Fig. 5). 

Type 4 

This type occurs when a is zero. It is represented 
by curves B and B’ in Fig. 1 and described by 
equations (10) and (11). Since a, which modifies the 
denominator in equation (6), is absent, the form of 
the calibration curves of this type depends strongly 
on the values of cA and c,. For low interferent con- 
centrations cP2 may lie at a low cA value, apparently 
giving a parallel shift of the whole calibration curve. 
On the other hand when c, increases, cr., is rapidly 
shifted beyond the upper limit of the analyte concen- 
tration range used, and the whole calibration curve 

0.5 

A 
0.3 

0.1 

Fig. 4. 

CI 
(pg Ma/ml) 

./O 

/ 2' 
100 

2c 30 40 50 

C, (pg Sr/ml) 

Effect of molybdenum on the calibration curve for 
strontium in the air-acetylene flame. 
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Cl 
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Fig. 5. Effect of iron (as ferric chloride) on the calibration 
curve for indium in a graphite tube at 2000”. 

becomes linear and may be described by equation 
(13). The properties of calibration curves of type 4 are 
well illustrated by the calibration curves for stron- 
tium in the presence of aluminium (Fig. 6). 

EFFRCTIVENESS OF THE STANDARD ADDITION 
METHOD AND GILBERT’S DILUTION METHOD IN THE 

LIGHT OF THE CONSIDERATIONS PRESENTED 

Standard addition method 

This method is usually applied in its simplest form, 
in which increasing integral numbers of aliquots of 
standard solution (concentration cs) are added to 
equal aliquots of sample solution (analyte concen- 
tration cA) and all the mixtures are made up to 

C,(pg Sr/ml) 

(clcA)/n2 
C App = n : + 

k[a + CA/n + dc,/nl 1 
Fig. 6. Effect of aluminium on the calibration curve for = CA + 

cl cA 
strontium in the air-acetylene flame. nk[a + bc,/n + dc,/n] 

the same volume, yielding a set of solutions with 
analyte concentrations VA c, IV,, (VA c, + Vs cs)/ V, , 
(V.,c,, + 2Vscs)/V,, . . . , (VAca + nVscsYVt, where 
VA, V, and V, are the volumes of the sample and 
standard aliquots and the total volume, respectively. 
The result is a calibration graph obtained for a 
constant interferent concentration. Linear extrapola- 
tion to the zero signal gives an intercept on the 
abscissa, equal to c, . The importance of keeping the 
interferent concentration identical has been pointed 
out by Kalivas.” 

From the considerations in the previous sections it 
is clear that the method can work correctly without 
any limitations only for calibration curves of type 2. 
For calibration curves of types 1, 3 and 4 the method 
may be used only in the concentration range where 
(VA c, + n Vscs)/ V, is less than or equal to cr., . 

If the calibration curve is of type 1 or 3 and 
(V,c, + nVscs) V, is greater than cr., and c, is suffi- 
ciently large, the situation may be improved by 
preliminary dilution of the sample solution to satisfy 
equations (8) and (9). If the calibration curve belongs 
to type 4, dilution of the sample solution is com- 
pletely ineffective, since the form of the calibration 
curve depends on the concentration ratio c,/c,, 
[equation (1 l)], which is not changed by dilution of 
the sample. 

Gilbert’s successive dilution method 

The method is based on the measurement of a 
few successive dilutions of a sample solution. The 
measured signals are transformed into concentrations 
by using a calibration plot for the pure analyte and 
the appropriate dilution factors. This yields a series 
of apparent concentrations cAPP, , cAppl, . . . , cApp,, all 
of which represent the apparent analyte concentra- 
tion of the undiluted sample solution, determined on 
the basis of the differently diluted solutions. In the 
absence of interferent effects all these values should 
be equal to the actual analyte concentration. Any 
significant differences between the successive values 
mean that an interference effect dependent on the 
interferent concentration occurs in the system. It is 
assumed that linear extrapolation of the cAr,,, values to 
infinite dilution should yield the true concentration 
value. 

The basis of this assumption is as follows. On the 
calibration curve every cAPr, value corresponds to a 
signal value R and, according to equation (4), is equal 
to R/k. The cApp value for the undiluted solution may 
be calculated from equation (6): 

R cI cA 
C A,,p = - = CA + 

k k(a + bc,+ dc,) 
(24) 

and for an n-fold dilution: 

(25) 
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Fig. 7. Determination of strontium in the presence of 
vanadium in the air-acetylene flame. Test sample: 20 pg 
Sr/ml and 1 mg V/ml. Curve A: without buffer interferent; 
c App, = 20.2 pg/ml. Curve B: buffer interferent 5 mg Al/ml; 
C App, = 21.3 fig/ml. Curve C: evaluation by Gilbert’s dilu- 

tion method; CA_ = ? 

Ifn-+oo then(a+bcA/n+dc,/n)+aand 

Equation (26) shows that the cApp value at infinite 
dilution approximates to cA. However, large values of 
n result in strong curvature of the extrapolation 
function, and linear extrapolation cannot be used. An 
extreme example is shown in Fig. 7, curve C. 

STANDARD ADDITION AND SUCCI?SSnTE 
DILUTION METHOD (SASD METHOD) 

As already shown, for the standard addition 
method to work, all the concentrations must lie in the 
linear range of the calibration curve, i.e., must be 

<cp,. 
When investigating an unknown analytical system, 

however, we know neither its composition nor the 
values of the characteristic coefficients a, b and d of 
the interferents. In such a situation we require a 
procedure which ensures a high probability that the 
concentrations used are within the required linear 
range of the calibration curve and which enables us 
to check the results for correctness. Such a procedure 
may be constructed on the basis of the following 
assumptions. 

(1) The determination should be performed with a 
single standard addition since this maximizes the 
probability that (VAcA + V,cs)/V, is less than or 
equal to cp,. 

(2) If possible, the measured signal of concentra- 
tion ( VAcA + V,c,)/V, should be close to the upper 
limit of the optimal measurement range, to maximize 
the precision of measurement. 

(3) According to the inequality (12), 
(VA CA + Fs cs)/ F, may be brought below cp, by dilu- 
tion of the sample solution, particularly for systems 

in which a is large. For a = 0, the dilution operation 
is completely ineffective, since it decreases both cA 
and ci by the same factor. 

(4) In the absence of interferents the results 
obtained by applying the standard addition method 
to successive dilutions of the sample solution should 
give the same value for cApp. If they form a series of 
systematically different values of cApp then an inter- 
ferent effect exists in the system and distorts the 
standard addition “calibration curves”. This distor- 
tion is gradually decreased by increasing dilution of 
the sample solution, i.e., the cp, value is gradually 
shifted towards (VA CA + Vs cs)/ V, and the successive 
cAPp values approach the actual analyte concentration 
CA. Thus 

cApp @) + cApp, = cA 

n+cO 

(5) According to inequality (12), c,, may be shifted 
to above (VA CA + Vs cs)/ V, not only by dilution of the 
sample, but also by increasing c,. This may be 
achieved by adding the same excess of the particular 
interferent to all the solutions to be measured. When 
ci is large enough and CA is constant, inequality (12) 
may easily be satisfied even for a = 0. 

(6) If an interferent strongly distorts the linearity of 
the calibration plot then even the addition of the 
highest acceptable excess of this interferent may 
sometimes be insufficient to shift cpl to above the cA 
value. In that case the same excess of interferent 
should be added to successive dilutions of the sample, 
and the cApp values obtained should be extrapolated 
to infinite dilution, as in assumption (4). 

(7) If the CA value obtained as described for 
assumption (6) is significantly different from the value 
obtained by use of assumption (4) then a for the 
system is equal to zero and the result obtained 
according to assumption (6) should be taken as 
correct. 

The statement in assumption (4) that 

‘APP --* ‘APP, = c, may be substantiated in the follow- 
ing way. From the principle of the standard addition 
method the apparent analyte concentration in the 
original sample solution is given by 

CApp = c,~Rl(Radd - R) (27) 

where cadd = Vs cs I K y and Rdd and R are the signals 
for the two calibration solutions, with and without 
the standard addition, respectively. 

For the n-fold diluted sample solution, with multi- 
plication of the result by n, cApp is given by 

‘APP, = “Cadd. Rn/(Radd. - 4,) = %d Rn/Rsdd. - R) (28) 

Rm &id and &id* may also be defined on the basis of 
equation (6): 

R k-t 
cl/n 

add. = 
a + b(c, + c&n + dc,/n 1 
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R 
[ 

k-i- 
Cl 

add, = a + b (cp, -t c,,, ) + dq 1 (CA + fGid 1 
and 

R 
0 

add. = k f 
@ +&CA + Cadd)/a + dc,/n 1 

Ifa#Oandn-+co then 

and 

Putting these values into (29) and (31) gives 

and 

Putting (32) and (33) into (28) then yields 

cApp, = cA 

(30) 

(31) 

(32) 

(33) 

(34) 

Equation (34) is true when a # 0. If a = 0 the values 
Of R, and &j, cannot be estimated from (32) and 

(33), and equation (34) cannot be formed. This agrees 
with equation (1 l), which may be written in general 
form as R/cA =f(cr[cA). This indicates that the signal 
emitted by unit analyte concentration is a function of 
the interferent to analyte concentration ratio and its 
value cannot be changed by simple dilution. 

The statement in assumption (6) may be substanti- 
ated in a similar way. In this case the interferent 
concentration cr is kept constant for all the solutions 
obtained by successive dilution of the sample, and 
equations (29) and (31) take the following forms, 
respectively: 

CI 

> 

CA 
a +bc,& fdc, It 

(35) 

and 

Itadd,, = k f 
a + b(c, ::,wn + dc)(?y (36) 

If n + co then 

and 

[a + b(CA + c,,,)/n + &]-,(a + dC,) 

and equations (35) and (36) may be transformed into 

Fig. 8. Determination of platinum in the presence of tita- 
nium, palladium and ammonium ions in the air-acetylene 
flame. Test sample: 100 pg Pt/ml, 3 mg Ti/ml, 3 mg Pd/rnl 
and 3 mg NH:/ml. Curve A: without buffer interferent; 
c,,_ = 100 pg/ml. Curve B: buffer interferent 5 mg La/ml; 

cAPP, = 104 rg/ml. 

R*=(k+--&$ (37) 

&dd”=(k +-&--)2 +(, +A): (38) 

Substituting (37) and (38) into (28) again gives 
equation (34), which in this case is also valid when 
a = 0. 

Unlike the case for Gilbert’s dilution method, in 
the SASD method the function cApp(n) used for 
extrapolation to cl\pp, depends not on the signals, 
which may be non-linearly related to c,, but on 
the ratios of these signals. This eliminates the non- 
linearity of the function and always allows linear 
extrapolation. Only in rare cases, when c, + c,, is 

0.1 0.2 0.5 0.7 1 

1 
7 

Fig. 9. Determination of molybdenum in the presence of 
calcium in the air-acetylene fltxme. Test sample: 100 pg 
MO/ml and 3 mg Ca/ml. Curve A: without buffer interferent; 

%Ps = 101 pg/ml. Curve B: buffer intexferent 5 mg V/mi; 
c App, = w liglrnl. 
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Fig. 10. Determination of molybdenum in the presence of 
vanadium (as vanadium chloride) in a graphite tube at 
2800”. Test sample: 100 ng MO/ml and 1 mg V/ml. Curve 
A: without buffer interferent; c~,,,,, = 99 ng/ml. Curve B: 
buffer interferent 5 mg (NH,),HPO,/ml; c,+,~ = 99 ng/ml. 

close to Cr* will there be some deviations from 
linearity, but even then only for undiluted or slightly 
diluted solutions (the first one or two data points), 
and the other points will clearly indicate cAppm. In 
such a case it is recommended that these initial data 
points should not be used. An extreme example of an 
effect of this type is presented in Fig. 8. 

Assumptions (l)--(4) suggest a single SASD proce- 
dure based on determination of the cApp values for 
a few successive dilutions of the sample solution. 
However, such a procedure may be successful only 
when the interference effects of types l-3 occur in the 
system. For effects of type 2 all cApp values are equal 

to ‘APP, 
= cA and the extrapolation is a straight line 

parallel to the abscissa, e.g., Fig. 7, curve A. For the 
effects of types 1 and 3 the extrapolation line has 
non-zero slope, e.g., curves A in Figs. 8-10. 

24 

01 . . 
I 

ii 
Fig. 11. Determination of strontium in the presence of 
alurninium in the air-acetylene flame. Test sample: 20 pg 
S/ml and 30 pg Al/ml. Curve A: without buffer interferent; 
C Am, = 12.4 fig/ml. Curve B: buffer interferent 5 mg Al/ml; 
C App, = 20.3 pg/ml. Curve C: buffer interferent 5 mg La/ml; 

C App, = 19.8 pg/ml. 
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Fig. 12. Determination of platinum in the presence of 
vanadium in the air-acetylene flame. Test sample: 100 pg 
Pt/ml and 3 mg V/ml. Curve A: without buffer interferent; 
C APPm = 170 pg/ml. Curve B: buffer interferent 5 mg Pd/ml; 
C App, = 100 pg/ml. Curve C: buffer interferent 5 mg La/ml; 

C App, = 100 drnl. 

When effects of type 4 occur, i.e., a = 0, all the cApg 
values are equal to cApP, but cAPP, f cA. The extra- 
polation resembles that for interference of type 2, 
but the final result is false. An example is curve A in 
Fig. 11. In practice the extrapolation very often has 
a slight slope and suggests interferences of type 1 or 
3, e.g., curve A in Fig. 12. 

For an “unknown” sample the type of interference 
is usually not known, so all results obtained by the 
the simple SASD method must be verified. This may 
be done by using the SASD method with a large 
excess of interferent according to the procedure based 
on the assumptions (l), (2), (5) and (7). From as- 
sumption (5) it appears that the addition of a large 
excess of interferent changes the calibration curve 
sufficiently for the correct result to be obtained when 
the result directly obtained from the sample solution 
was false. Experimental confirmation of this state- 
ment is demonstrated by curve B in Fig. 11. In the 
analysis of “real” samples it is not usually known 
which interferent is the most active. However, 
equations (22) and (23) suggest that any interferent 
that strongly affects the signal of a given analyte 
can be added in excess to allow use of the SASD 
method. Experimental examples of such activity of 
interferents other than those present in the sample are 
shown in Fig. 11, curve C and Fig. 12, curves B 
and C. We call such interferents “buffer interferents”. 
The buffer interferent is not always able to shift cr, 
to above cA + cadd nor to eliminate completely the 
effect of other interferents as suggested by equation 
(23). However, this effect may always be achieved 
by diluting the sample solution and keeping the 
concentration of buffer interferent high and constant 
in all the successively diluted solutions. The value 
obtained by extrapolation of the results to infinite 
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Fig. 13. Determination of cobalt in the presence of magne- 
sium in a graphite tube at 2400”. Test sample: 50 ng Co/ml 
and 2 mg Mg/ml (as magnesium chloride). Curve A: sample 
in 1 M hydrochloric acid; cAppu = 51 ng/ml. Curve B: sample 

in 0.5M nitric actd; cI\WL = 50 ng/ml. 

dilution always represents the actual concentration 
(Figs. 7-12). 

When the result found by use of a buffer interferent 
agrees with that obtained by the simple SASD 
method (without buffer interferent) it may be con- 
sidered as correct. If there is a significant discrepancy 
between the two results, as in curves A and B in 
Figs. 11 and 12, the result obtained by use of the 
buffer interferent should be considered correct, 
but should be verified by determination with use 
of another buffer interferent (curves B and C in Figs. 
11 and 12). 

If two solutions of a sample in different media, e.g., 
in nitric acid and hydrochloric acid, exhibit different 
interference effects but give the same cAPp, value by 

1 
ii 

Fig. 14. Determination of magnesium in the presence of 
ahtminium, titanium and calcium in the air-acetylene flame. 
Test sample: 1 pug Mgjml, 3 mg Al/ml, 3 mg Ti/ml and 3 mg 
Ca/ml. Curve A: without buffer interferent; cApp, = 0.97 
pg/ml. Curve B: buffer interferent 5 mg La/ml; ctipp, = 0.96 

pg/ml. 

extrapolation to infinite dilution, this result may 
be taken as correct without additional verification 
(Fig. 13). In fact, one or both of the solvents used 
may act as a buffer interferent. 

For simplicity, all the theoretical considerations 
presented above for the SASD method referred to 
systems containing an analyte and one interferent. 
It is obvious, however, that starting from equation 
(22) for a multicomponent system, instead of from 
(5), leads to the same conclusions but with much 
complicated equations. This means that the SASD 
method may be used for any multicomponent system. 
An example is given in Fig. 14. 

The considerations above are also valid when the 
calibration plot for a pure analyte shows deviations 
from linearity at higher concentration, which would 
mean that kc, in equation (6) should be replaced by 
a more complex function. However, adequate dilu- 
tion of the samples would bring the signals into the 
linear range, and the result of extrapolation will be 
correct. 

At first sight the SASD method may seem compli- 
cated to use, but it is really very simple and requires 
the preparation of only four solutions: 

(1) solution of pure sample, 
(2) solution of sample with the standard addi- 

tion, 
(3) solution of sample with addition of buffer 

interferent, 
(4) solution of sample with addition of the stan- 

dard and buffer interferent 

followed by the preparation of 24 successive dilu- 
tions of each of these. The diluent for solutions (1) 
and (2) should be the same as the medium used to 
dissolve the sample. The diluent for solutions (3) and 
(4) should be the same medium with addition of the 
buffer interferent. The signals for the pairs of sample 
solutions with and without standard addition are 
used to calculate the successive c,,~~ values and then 
to extrapolate the cA values obtained in the absence 
and presence of the buffer interferent. 

Interferents that enhance the analytical signal 
should be preferred as buffer interferents, but if the 
analyte concentration in the sample is sufficiently 
high, the interferents that suppress the signal may be 
acceptable. 

EXPERIMENTAL 

Apparatus 
A Pye-Unicam SP-9-800 atomic-absorption spectrometer 

with a PU-9095 video programmer graphite furnace and 
PU-9090 micronrocessor. and a Perkin-Elmer 3030 B 
atomic-absorption spectrbmeter with HGA-300 graphite 
furnace were used. 

Reagents 
Johnson-Matthey “Specpure” 

“Suprapur” acids were used. All 
distilled in fused-silica apparatus. 

reagents and Merck 
water used was doubly 

TAL 3611%” 
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Procedure for SASD method 
Prepare the following solutions, preferably all in the same 

medium. 
A. One hundred ml of a solution of the sample to be 

analysed, preferably at a concentration that will give an 
analyte signal in the middle of the optimal measurement 
range. 

B. Ten ml of standard analyte solution with a concentra- 
tion about 20 times that of the analyte in the sample 
solution. 

C. Ten ml of solution containing 500 mg of bulfer inter- 
ferent. 

D. One hundred ml of solution identical with solution A 
except for omission of the sample. 

E. One hundred ml of solution D containing 500mg of 
the buffer interferent used to make solution C. 

Prepare the four basic solutions as follows, in 20-ml 
standard flasks, 

Solutions A, ml B, ml C, ml 

% 
15 - - 
15 2 - 

: 
15 - 2 
15 2 2 

Dilute all four to volume with solution D. From each 
solution prepare 24 successive dilutions in lO-ml standard 
flasks, dilution solutions a and b with solution D, and 
solutions c and d with solution E. The full set of solutions 
may be presented schematically as 

Undiluted solutions: c 
Two-fold diluted solutions: a;; b;2 cl2 d;2 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
n-Fold diluted solutions: c/n bin c/n d/n 

The value of n depends on the analyte concentration in 
sample solution A. If possible the following dilutions are 
recommended: l/2, l/4, l/6 and l/10. The most dilute 
solutions should give easily measurable signals. If only 
a small amount of sample is available, all the above- 
mentioned volumes may be scaled accordingly. 

Record the signals, e.g., absorbance, for the set of solu- 
tions. The two solutions in each pair containing the same 
sample concentration without and with the standard addi- 
tion, e.g., a and b, a/n and b/n, c and d, etc., should be 
measured one after the other. From the pairs of signals for 
the solutions with and without standard addition calculate 
the analyte concentration and multiply it by 4n/3 (to obtain 
the corresponding values in solution A). The results form 
two series of apparent concentration values c,,,~ with and 
without buffer interferent present. Extrapolate both series of 
results to infinite dilution by the least-squares method. If 
both cAsr,, values are within the confidence limits of the 
method used, their average should be accepted as the tinal 
result. If a significant difference is observed, the value 
obtained in the presence of buffer interferent should be 

considered as correct, but must be confirmed by a repetition 
of the determination, with another buffer interferent. 

RESULTS AND DISCUSSION 

The experimental results (Figs. 7-14) show that the 
proposed SASD procedure allows correct results to 
be obtained by AAS in the presence of various types 
of non-spectral interference effects (non-additive 
effects). No analytical system was found for which the 
procedure could not be applied successfully. The 
results obtained by the SASD procedure for 
chromium in two standard steels are compared with 
those obtained by other procedures in Table 1. 

The theoretical justification of the SASD proce- 
dure is based on equations (1) and (19), which were 
originally established for AAS with flame atomiza- 
tion. The interference effects observed for electrother- 
mal atomization have essentially the same general 
character, e.g., the effect of iron on the absorbance 
for indium in the graphite tube (Fig. 5). The only 
phenomenon which can additionally complicate the 
situation is the distortion of the peak shape (absorp- 
tion as a function of atomization time) in the presence 
of interferents and the sample matrix. In the SASD 
procedure the individual cApp values are estimated 
from successive measurements of the signals for the 
sample without and with standard addition. Since in 
these solutions only the analyte concentration is 
changed, by a relatively small factor, the peaks 
should be deformed in the same way. Therefore, even 
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Fig. 15. Peaks of molybdenum as a function of atomization 
time in a graphite tube at 2800”. Curve A: without interfer- 
ent. Curve B: in the presence of 0.5 mg V/ml (as vanadium 

chloride). 

Table 1. Chromium determination in steel standards by flame AAS 

Certified Concentration 
concentration, found, 

Sample % Method of evaluation of results % 

B.C.S. 320 0.131 Calibration curve 0.110 
(ss No. 50) Calibration curve for iron simulated matrix 0.127 

Standard addition (two additions) 0.134 
SASD 0.132 

N.B.S. 339 17.42 Calibration curve 15.1 
(Crl’l-Ni9Se0.2) Calibration curve for iron simulated matrix 17.1 
(SEA 309Se) Standard addition (two additions) 17.1 

SASD 17.4 
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Table 2. Magnesium determination by flame AAS; test 
solution containing 1 pg/ml magnesium and 3000 pg/ml 

aluminium 

Standard 
Method of evaluation Mg found, deviation, 
of results pglml Pgglml 
Calibration curve 0.44 - 
Gilbert’s dilution method 0.51 - 
Standard addition (two additions) 1.05 0.015 
SASD 1.02 0.010 

for peaks as strongly deformed as those shown in 
Fig. 15, simple measurement of the peak height 
enables the correct results to be obtained (Fig. 10). 

Determination of individual cApp values by use of 
only a single standard addition may cause larger 
random errors than those observed when two or three 
standard additions are made. However, in the SASD 
procedure the extrapolation procedure eliminates to 
a significant degree the random dispersion of the cApp 
values and the precision of the final results is not 
lower, and is usually higher, than that obtained by the 
use of multiple standard additions. A comparison of 
the precision obtained by various methods is pre- 
sented in Table 2. 

It is generally assumed that the larger the concen- 
tration of interferent in a sample the larger the error 
in the analytical results. Most authors test the effect 
of a relatively large concentration of potential inter- 
ferent, and if no effect is detected they conclude that 
the given species will not interfere when present at 
lower concentration than that tested. Such a conclu- 
sion is correct only in relation to results evaluated 
directly from the calibration plot. In relation to the 
standard addition method and, of course, to the 
SASD method, it may be false. If a sample contains 
interferent(s) of type 4 the calibration curve con- 
structed on the basis of the sample matrix may be 
linear in the presence of a large concentration of 
interferent over the whole analytical concentration 
range, as indicated by equations (12) and (13), and 
the results will be correct. In the presence of a 
low interferent concentrations, comparable to the 
analyte concentration, the calibration plot may be 
strongly curved (Fig. 6) and the correct results cannot 
be obtained even for very dilute sample solutions 
(Fig. 11, curve A). 

Although the mechanism of action of buffer inter- 
ferents is essentially the same as that of spectro- 
scopic buffers, their role is different. According to 
equations (21) and (23) the effect of a spectroscopic 
buffer should be sufficiently large to reduce the effect 
of all interferents present in the sample practically to 
zero. Only then may the analyte signal for a sample 
be interpreted with the calibration plot obtained in 
the presence of the same concentration of buffer. 
Such a situation cannot be achieved for every analyt- 
ical system and, therefore, the effective application of 
spectroscopic buffers is limited. The role of the buffer 
interferent in the SASD procedure is to expand the 

low-concentration linear section of the calibration 
plot constructed on the basis of the sample matrix. If 
this cannot be achieved with the undiluted sample 
sohrtion, (i.e., cr, < (ca + c&,) it can eady be done by 
use of diluted solutions, since the buffer interferent 
concentration is kept constant and equally high in all 
the dilution steps. Hence any strong interferent may 
be used as the buffer interferent and is easily chosen 
for any analytical system. 

The serious limitation of the SASD procedure is 
that the sample solution must be diluted at least a few 
times and therefore the procedure cannot be applied 
for determination of low concentrations close to the 
limit of determination. In such a case, however, the 
cAPr, value found by the simple standard addition 
method may be considered as the value obtained for 
the end dilution of a more concentrated sample 
solution. Figures 7-lo,13 and 14 show that this value 
is always close to the extrapolated cAPP, value and 
may be taken as the correct result for the analyte 
concentration. This assumption is false only when the 
sample contains interferent(s) of type 4 (Figs. 11 and 
12). Therefore, the results obtained in this way must 
always be verified by a repetition of the determination 
with a buffer interferent present. 

The procedure suggested above for determination 
of low analyte concentrations is significantly simpler 
than the SASD procedure. It may be asked why it 
should not be used for all samples after proper 
preliminary dilution. The reason is that this proce- 
dure, based on a single standard addition, has not 
only relatively bad precision, as already discussed, 
but also has poor accuracy. The results obtained for 
even very dilute solutions often have a systematic 
error which is equal to the difference between the cAPr, 

and cApp, values; the magnitude of this difference 
depends on the slope of the extrapolation curve (see 
Figs. 13 and 14). All these errors may be accepted for 
concentrations close to the detection limit, since in 
this range the precision and accuracy of the results is 
generally poor anyway. However, they are usually 
unacceptable for higher concentrations, particularly 
when the systematic error is multiplied by the dilution 
factor. 

CONCLUSIONS 

The SASD method allows the correct determina- 
tion of an analyte in any type of sample. The method 
eliminates the effect of all types of non-spectral and 
non-additive interferences. The method is very simple 
and does not require any additional information such 
as the general sample composition, concentration of 
interferents, etc. 

The SASD method was established and carefully 
tested for atomic-absorption analysis. However, since 
the interferent effects on calibration curves are of the 
same type in most analytical methods, it may be 
expected that the procedure will be effective for these 
as well. The only stipulation is that the methods must 
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be free from additive interference signals that are 
independent of the analyte concentration, such as 
spectral line overlap, background signals, etc. 
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Summary-Traces of simple inorganic anions may be determined by chromatographic separation with an 
alkaline eluent and conductimetric detection, which involves “suppressing” the background conductivity 
of the eluent by neutralization to form a sparingly dissociated species. Over a wide range of determinand 
concentration, e.g., two decades, non-linearity of the calibration may become evident, leading to errors 
of up to 100% at lower concentrations if linearity is assumed (a linear fit of the data usually gives a 
correlation coefficient >0.99, which may lead to false confidence). The curvature arises from displacement 
of eluent ions by the determinand and the consequent re-equilibration of the conjugate acid in the 
suppressed eluate. Even if the distribution of determinand in the peak is ideally Gaussian, the observed 
conductivity peak may be distorted and calibration will then be non-linear. The best linearity is obtained 
with the most strongly basic eluent, but other characteristics must also be considered, e.g., run time, peak 
separation. With a carbonate eluent, the curvature is demonstrated empirically for chloride, nitrate and 
sulphate calibrations. A second-order fit gives errors of < 10%. With a more strongly basic borate eluent, 
the deviation from linearity is negligible, but elution times are longer and may be inconvenient in some 
circumstances. 

In ion-chromatography of anions with conducti- 
metric detection after background suppression of a 
weakly basic eluent, careful calibration over a wide 
range of concentration reveals that the signal (peak 
area) is not a linear function of the sample concen- 
tration (or, more correctly, of the injected mass of 
determinand). Examples are shown in Fig. 1 for three 
commonly occurring anions eluted with a carbonate/ 
bicarbonate mixture (the usual eluent for this pur- 
pose.) It should be noted that linear regression of the 
results in Fig. 1 gives very high correlation co- 
efficients, which may lead to an unwarranted confi- 
dence in the accuracy of the calibration. Tables l-3 
show that using a linear calibration produces large 
errors at low concentrations. 

A clearer indication of non-linearity is given by 
graphs’ in which the logarithm of the normalized 
peak area is plotted against the logarithm of the 
concentration (C). The normalized peak area repre- 
sents the relative difference between the observed area 
(A) and that expected from the linear regression 
equation and is given by (A - a)/bC where b and a 
are the slope and intercept, respectively, of the linear 
regression fit of the data. The values of u and b 
depend on how the regression was carried out, i.e., on 
whether weighted or unweighted data were used and 
on the range and spacing of the concentrations tested. 
With unweighted data, the higher concentrations 
tend to dominate both the regression equation and 
the conventional graphical representation (as in 
Fig. 1). Figure 2 shows the data replotted as log 

(normalized peak area) against log (C) and in this 
way the different deviations from linearity at low 
concentrations for the three species can be clearly 
seen. 

The reasons for these deviations have been dis- 
cussed by van OS et al.,l who “linearized” the cali- 
bration by calculating the instantaneous determinand 
concentration in the eluate at a series of points on 
the chromatographic peak and then integrating to 
give the quantity injected. Their method involved 
calculation from the measured total conductivity and 
precisely known physical constants: equivalent con- 
ductivities for all the ions, dissociation constants of 
the acids, the cell constant and the resin capacity 
factor. Unless the system is thermostatically con- 
trolled, a series of temperature coefficients would also 
be required. Though the method gave a good linear 
correlation between the amounts of determinand cal- 
culated and taken, it did not provide the linear 
calibration claimed, relying rather on absolute 
measurements of conductivity and subsequent calcu- 
lation. In this paper we make a further theoretical 
investigation of non-linear calibrations and discuss 
ways of dealing with them. 

THEORY 

Consider the injection of V ml of sample into a 
column eluted with a carbonate/bicarbonate solution 
of total molar carbonate concentration T, , flowing at 
F ml/min. Let the molar sample concentration of the 
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Fig. 1. Calibration graphs for chloride (O), nitrate (A) and 
sulphate (a). 

anionic determinand X”- be TX. The eluate is passed 
through some form of suppressor, such as a cation- 
exchange column in the hydrogen form, or a cation- 
exchange membrane supplied with strong acid 
solution on one side (this includes the “fibre” and 
“micro-membrane” type of suppressors). It is as- 
sumed that (i) all the cations in the eluate are 
exchanged for hydrogen ions and that the determi- 

+ Model 

8 -0251 
5 

’ ’ ’ ““” ’ ’ ’ “‘11’ ’ ’ I 
1 10 100 

Concentrot ion (@I 1 
Fig. 2. Log-log plots of normalized Peak area us. concen- 
tration for calibrations in Fig. 1 and the model in Fig. 5. 

nand is then present as the strong acid H,X and the 
eluent as the weak acid H,CO,, (ii) no CO2 is lost by 
diffusion across the ion-exchange membrane (the very 
low pH on the other side of the membrane should 
justify this), (iii) elution of the determinand is as- 
sumed to produce a Gaussian distribution of X”- 
concentration in the eluate, and (io) the ionic conduc- 
tivities of H+, X”- and HCO; in the eluate are 
independent of the values of TX and T, (in practice 
this is a good approximation because the concen- 
trations of ions in the eluate are likely to be low, 
< 10W4M). The equivalent conductivities are denoted 
by A-, , 4 and hoI. 
The baseline 

The baseline is given by the conductivity, A,, of the 
suppressed eluate when no exchange with detenni- 
nand has occurred. 

4 = h-,[H+lo + &ojWWo 

+ 2&o,W-lo + J4mPH-1, (1) 

In the suppressed eluate there is no free base, there- 
fore [CO:-] N [OH-] x 0. Thus 

T, = [H, CO& + [HCO; ]o (2) 

and 

As = 1, [H + lo + hicoa WC% lo (3) 

Charge balance requires that 

W+lo = WO,l, (4) 

The protonation constant of the bicarbonate ion is 

K = [H2C0J[H+][HCO;] 

= (Tc - [HCWMWW: (9 

Table 1. Chloride calibrations 

Concentration (y M) calculated from area 
and calibration line* 

Concentration, Area Linear Parabolic 
PM (arbitrary units) calibrationt calibration§ 

3 8.22 x 104 
9 2.50 x 105 

15 4.20 x lo5 
25 7.10 x 105 
50 1.44 x lo6 

100 2.98 x lo6 
200 6.31 x lo6 
300 9.88 x 106 
400 1.37 x 10’ 
500 1.73 x 10’ 

- 

7.9 3.4 
12.8 9.2 
17.8 15.1 
26.4 25.0 
47.8 49.4 
93.1 99.4 

191.1 200.5 
296.0 300.2 
409.0 399.9 
514.0 487.0 

.1.85 x lo5 - 1.60 x lo4 
3.40 x 104 2.87 x lo4 

- 14.0 
0.9983 0.9999 

*Calculated from data in 3400 PM range. 
tArea = a + b [cone]. 

§Area = a + b [cone] + c [conc12. 
SCoefficient of determination. 
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Table 2. Nitrate calibrations 

1279 

Concentration (PM) calculated from area 
and calibration line* 

Concentration, Area Linear Parabolic 
GM (arbitrary units) calibration? calibration5 

3 8.73 x 104 4.1 2.9 
9 2.32 x lo5 9.2 8.2 

15 4.16 x 10’ 15.7 15.0 
25 7.00 x lo5 25.7 25.3 
50 1.41 x IO6 50.8 51.3 

100 2.75 x lo6 98.0 99.6 
200 5.54 x 106 196.5 199.0 
300 8.47 x lo6 299.9 301.0 
400 1.14 x 10’ 402.1 399.7 
500 1.45 x IO’ 514.0 506.0 

a -2.83 x 104 8.16 x 103 
b 2.83 x lo4 2.72 x 10” 
;;2$ - 0.9998 0.9999 3.02 

*Calculated from data in 3-400 pA4 range. 
tArea = a + b [cone]. 
$Area = a + b[conc] + c[conc12. 
$Coefficient of determination. 

Solving this quadratic equation for [HCO;], 

[HCO;]O N (- 1 + ,/m)/2K 

and from equation (3) 

48 = (4-l + L,co,)(- 1 + JFG5)/2K 

The peak 
and the charge balance is 

The chromatographic peak occurs when w-1 > 0, 
[H+] = [HCO;] + nw-] (9) 

i.e., when enough carbonate ions have been replaced From equations (8) and (9), 
by 2/n times as much determinand. It has been shown 
that anion-exchange resins in equilibrium with dilute 
bicarbonate solutions are in the carbonate form3 At 

K= 
T, - [HCO; - n w-]/2 

[HCO; I ([HCO; I + n [Xn-1) 

gives a given point on the peak, the new total carbonate 

(6) balance is thus 

Tc - ; [x”-] = [H,CO,] + [HCO;] (8) 
(7) 

Table 3. gulbhate calibrations 

Concentration calculated from 
area and calibration line*, pM 

Concentration, Area Linear Parabolic 
PM (arbitrary units) calibration? calibration§ 

3 
9 

15 
25 
50 

100 
200 

E 
500 

z 

;r* 

1.69 x 10’ 
5.60 x ‘105 
8.74 x IO5 
1.48 x lo6 
2.90 x lo6 
5.77 x lo6 
1.19 x 10’ 
1.82 x IO’ 
2.46 x IO’ 
3.17 x 10’ 

6.7 2.9 
13.0 9.7 
18.1 15.2 
27.9 25.6 
51.0 50.0 
97.5 98.6 

196.9 199.8 
298.5 299.9 
402.9 399.4 
517.0 505.0 

-2.44 x 105 - 
6.17 x 10” 

- 
0.9996 

,2.88 x l(r 
5.75 x 104 

10.28 
0.9999 

*Calculated from data in 3-400 pM range. 
tArea = a + b[conc]. 
§Area = a + b [cone] + c [conc12. 
$&efficient of determination. 



1280 DEREK MILXJLEY and RAYMOND L. PARKER 

Re-arrangement gives a quadratic equation in 
[HCO;], which can be solved to give 

[HCO;] = -(nK[X”-] + 1) 
{ 

+$nKwl+ v+4K(Tc-;rx-l)}y2K (10) 

The conductivity signal at the same point is 

/I = &[H+] + I,co,[HCO;] + n&IX”-] 

= n(& + &>Wl+ (1, + I,co,)[HCO;l (11) 

Calibration 

Calibration involves correlating the experimentally 
observed peak height or peak area (corrected for the 
baseline) with T,, i.e., 

or 

A max -A, =f(Tx) (12) 

s 
(A - &) =f(Tx) (13) 

For a Gaussian peak, the area, A, is related to the 
height, h,,,, by 

h,,, = A /IS ,/% (14) 

where u is the standard deviation of the distribution 
represented by the peak. 

It should be noted that the quantity that really 
concerns the analyst, n(I, + &)[X”-I,,, or the 
corresponding integral, is inaccessible. Subtraction of 
II, in equations (12) and (13) does not provide a 
true correction, because the bicarbonate concen- 
trations differ in the peak and baseline regions, as a 
comparison of equations (6) and (10) shows. 

Measurement of peak areas by automatic integra- 
tors is becoming normal practice and the argument 
will be carried forward in these terms only. 
Equation (14) shows that discussion in terms of peak 
height would follow the same lines. 

From equations (7), (10) and (11), the observed 
peak area is 

2 -&)dt =2~(1,+1,) 
s 

“[X”-]dr 
lb 

- 2(1H + ‘HCoJ) (- 1 + ,,/m) ” dt 
2K s lb 

+ 2@H + AHCOJ) ” 

2K S{ 
- (nK[X’-] + 1) 

lb 

nK[X”-] + 1)2 + 4K(T, - $X”-1) dt (15) 
I 

where t, is the retention time (at which the peak 
maximum occurs) and rb is the break-through time, 

at which the signal is first identified as above 
the baseline. Because the peaks are assumed to be 
symmetrical, the peak area is twice the integral over 
the range from tb to t,, which is why a factor of 2 is 
introduced throughout equation (15). Some of the 
integrals in equation (15) are straightforward: 

w-1 dt = TX V/2F 

dr = t, - tb 

Equation (15) thus becomes 

Area = n(l, + &)T, V/F 

- tnH + AH,,,) J==c (t, - 4,)/K 

- n (1, + AHCO, > TX VPF 

+ n @H + IzHCOl ) 

s 

h 
X @"-I*+ (1 + 4KTc)/n2K2 dr (16) 

lb 

The first term in equation (16) gives the “ideal” net 
response desired by this analyst and the second gives 
the blank reading. The remaining terms give the true 
contribution of the eluent to the peak conductivity, 
allowing for the carbonate lost by ion-exchange and 
the suppression of dissociation of H$O, because of 
the presence of the strong acid HX. The final integral 
in equation (16) cannot be evaluated directly. 

The effect of carbonate exchange and suppression 
of H2C0, dissociation is shown in Figs. 3 and 4 for 
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432101234 

Standard deviation!3 
from retention time 

Fig. 3. Model ion-chromatographic peak for IO~mole 
of determinand with carbonate eluent, showing observed 
conductivity, “ideal” conductivity and true baseline: fr = 
retention time, r, = breakthrough time, L, = 350, A, = 75, 

1 acO, = 44.5, V = 0.1 ml, F = I ml/min, Tc = 0.00505M. 
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- Observed 
conductivity 

E 
0 0 I I I I I I 1 I 

4 3 2 1 0 1 2 3 4 
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from retention time 

Fig. 4. Model peak for 2S~mole of determinand with 
carbonate eluent. Notation as in Fig. 3. 

a model system at two levels of determinand. The 
distribution of determinand leaving the separator 
column was assumed to be Gaussian and the concen- 
tration of determinand was calculated at multiples of 
u from the distribution equation 

where h,,, is given by equation (14) with A = TX V/F. 
For verisimilitude, the values of TX, V, F and c were 
chosen to be typical of chromatographic conditions. 
The post-suppression conductivity was calculated 
from equations (10) and (11) for each [xl, and plotted 
to produce the signal peak. The baseline latent under 
the peak is much lower than the nominal baseline and 
the observed peak area thus underestimates the direct 
contribution of the determinand. Because of the 
suppression of H,CO, dissociation, the “dip” of the 
latent curve is not truly Gaussian in shape and nor 
will the observed peak be, although the effect on the 
latter is small. For instance, the width of the observed 
peak at half-height in Fig. 3 is 2.30~ compared with 
2.34~ for a Gaussian curve, whereas for the dip it is 
3.6a. In Fig. 4 the corresponding values are 2.160 for 
the observed peak and 2.6a for the dip. 

In an analytical context, it is regrettable that the 
observed peak is smaller than the notional determi- 
nand peak, as this reduces the sensitivity of the 
analysis. Even more important, however, is whether 
the observed peak area has a simple relationship to 
the quantity of determinand injected. The integrals in 
equation (16) were evaluated for a series of mode1 
peaks, as in Figs. 3 and 4. The last integral in equation 
(16) was evaluated numerically by Simpson’s rule.4 
It was assumed that breakthrough occurred at 
three standard deviations from the peak maximum. 
Figure 5 shows a plot of these theoretical “detectable 
peak areas” against determinand concentration and 
its curvature is very similar to that found experi- 
mentally for the three anions in Fig. 1, as shown in 
Fig. 2. 

EXPERIMENTAL 

The chromatograms were obtained by using a Dionex 
Model 10 ion-chromatograph with an AS4 column and a 

micro-membrane anion suppressor. The injection loop was 
of 25 ~1 capacity, the eluent flow-rate was 1.22 ml/min 
and the eluent was 0.0028M sodium hydrogen carbonate/ 
0.00225M sodium carbonate solution. The conductivity was 
measured on the 30 PS range. 

DISCUSSION 

Calibrations 

Truly linear calibrations for anions cannot be 
expected from suppressed ion-chromatography with 
carbonate eluents. Over a limited range (say 1 decade) 
of concentration, however, a linear treatment will 
produce only small errors. If samples covering wide 
ranges of concentration are to be analysed routinely, 
a procedure with smaller errors is desirable. Several 
such procedures may be suggested but all complicate 
the analysis and their practicability may depend on 
the computing facilities available for the ion- 
chromatograph. 

(i) The operator may read the concentrations off 
a calibration curve. If many samples, each with 
several peaks, are to be analysed, this is tedious and 
time-consuming. 

(ii) The calibration may be treated as consisting of 
two linear segments. The maximum error is then 
likely to occur in the middle of the concentration 
range. Automation of this process depends on the 
computing facilities available, but these could more 
productively be applied to second-order fitting, 
option (iii). 

(iii) The calibration may be fitted empirically to a 
second-order equation. The sample concentration is 
then determined by solving a quadratic based on the 
peak area. As shown by the calculated concentrations 
in Tables 1-3, this procedure gives, as expected, a 
much better fit, but practical routine analysis again 
depends on the computing power available. Note 
that for the sake of discrimination between the two 
procedures, more significant figures are included in 
Tables 1-3 than would be analytically justified. 

(iv) If samples fall within a range where bias is 
expected, the volume required to produce a signal in 
the linear part of the calibration can be calculated 
and injected. This is time-consuming and requires a 
further sophistication of automation. 

Concentration (pM) 

Fig. 5. Calibration for a model system (A, = 350, Ix = 75, 
1 uco, = 44.5, V = 0.025 ml, F = 1.22 ml/min). 
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(a) The eluent may be changed. As the protonation 
constant, K, increases, the third and fourth terms in 
equation (16) tend to cancel and the “ideal” chro- 
matographic form should be approached. A solution 
of a strong base should thus reduce the curvature to 
negligible proportions, but may have other undesir- 
able consequences, e.g., use of sodium hydroxide 
solutions will produce inconveniently long retention 
times for sulphate if an undistorted chloride peak 
is to be obtained. Gradient elution with sodium 
hydroxide solution will produce more convenient 
chromatograms, if the chromatograph has facilities 
for it. Sodium hydroxide eluents, however, show poor 
between-batch reproducibility because their elution 
properties are strongly affected by the level of 
carbonate impurities produced by absorption of 
atmospheric carbon dioxide. 

It can be calculated that sodium tetraborate eluent 
(K = 109.23 compared with 106.3L’ for carbonate) will 
give a very slight curvature, that in our experience is 
undetectable within experimental error. The calcu- 
lated model chromatogram in Fig. 6 shows that the 
difference between observed and “ideal” peaks is 
much less marked than for the carbonate eluent 
(Fig. 3). The disadvantage of this eluent is that, 
having a lower eluting ability than carbonate,s it 
needs to be 3-4 times more concentrated to give 
reasonable elution times, which leads in turn to the 
need for a more concentrated regenerant for the 
micro-suppressor. With this more concentrated 
(25mM sulphuric acid) regenerant, failure of 
Donnan exclusion starts to be apparent and the 
suppressor membrane “slips” sulphuric acid into the 
eluate, resulting in a much higher baseline than is 
ideal (10-l 1 p S instead of w 1 p S). From this increase 
in conductivity the “slip” may be calculated to be 
about IO-‘M sulphuric acid. The eluate was analysed 
by ion-chromatography and found to contain 970 
pg/l. sulphate compared with ~5 pg/l. in the fresh 
eluent, i.e., lo-‘M “slip”; no other anions were 
present except for a very small trace of chloride. 
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Fig. 6. Model ion-chromatographic peak for lOpmole of 
determinand with sodium tetraborate eluent. Aborsle = 37.4, 

Tc = O.O18M, otherwise notation as in Fig. 3). 

The amount of slip is reproducible and practical 
chromatograms can be obtained. 

(oi) Chromatographic calibration can be avoided 
by using the method of van OS er al.,’ which computes 
concentrations from the conductivities within tile 

peaks. This procedure requires more accurate con- 
ductivity measurements and knowledge of various 
physical constants for the determinand and the ap- 
paratus. The suppressor “slip” noted above would 
introduce further complications to this procedure. 

Chromatograms 

Throughout this report the chromatograms have 
been assumed to be of Gaussian shape for con- 
venience of calculation. In practice the peaks are 
asymmetric and have tails that increase with the 
strength of site-specific interactions between the de- 
terminand and the resin. Empirical equations for 
describing such peaks have been proposed,‘j but this 
asymmetry will have only a secondary effect on the 
linearity of the calibration. In addition to the skew- 
ness of the peaks, there are minor uncertainties about 
the cell constant of the 1.5 pl conductivity detector 
and the appropriate values for the ionic conductivi- 
ties and their temperature coefficients. Another as- 
sumption is that the standard deviation of the peak 
(considered as a Gaussian distribution curve) is inde- 
pendent of the determinand concentration, provided 
the concentration is much less than the eluent concen- 
tration and the column is not overloaded. In practice 
there may be a trend towards larger standard devi- 
ations with increasing concentration, but this could 
not be determined with confidence from the quality 
of the traces available. For all these reasons, the 
model chromatograms developed above should not 
be taken as exact predictors of peak areas, but 
they should indicate the physico-chemical trends in 
ion-chromatography with conductimetric detection. 

CONCLUSIONS 

It has been shown theoretically that curvature of 
the calibration arises from displacement of basic ions 
(e.g., carbonate) in the eluent by the ions from the 
sample and the consequent re-equilibration of the 
conjugate acid (e.g., carbonic acid) in the suppressed 
eluate. Even if the distribution of determinand ions in 
the peak is ideally Gaussian, the observed peak on the 
conductivity detector will be distorted and calibration 
in terms of either peak area or peak height will be 
non-linear. The best linearity is obtained with the 
most strongly basic eluent, but other characteristics 
must also be considered in choosing an eluent, e.g., 
run time, peak separation. 

With a carbonate eluent, the curvature is demon- 
strated empirically for chloride, nitrate and sulphate 
calibrations. Over a tenfold range of concentration 
the errors will be small, but if analysis over a wide 
range of concentrations is undertaken, care is needed 
if errors of 50-100% are to be avoided at the lower 
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end of the range. It should be noted that a linear fit 
of the calibration data usually gives a correlation 
coefficient > 0.99, which may lead to false confidence 
in the accuracy of the calibration. An empirical 
second-order fit of the calibration data enables con- 
centrations to be calculated with an error of < lo%, 
and this facility is available on some more recent 
ionchromatographs. 

With a borate eluent, the deviation from linearity 
is small enough to be negligible in practice (because 
borate is a moderately strong base). Elution times are 
longer than with carbonate, however, and this may be 
inconvenient in some circumstances. 

With a sodium hydroxide eluent the deviation from 
linearity is theoretically negligible, but retention times 
are inconveniently long and contamination by carbon 
dioxide causes poor batch-to-batch reproducibility. 

This problem arises mainly in the determination of 
anions. In cation analysis, a strong acid eluent gives 
a linear calibration and is convenient to use. 
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SHORT COMMUNICATIONS 

EXTRACTION CHROMATOGRAPHY WITH 
BIS(ZETHYLHEXYL)PHOSPHORIC ACID FOR 

SEPARATION OF TIN(IV) 

YI Yu VIN and S. M. &tOPICAR* 

Department of Chemistry, Indian Institute of Technology, Bombay 400 076, India 

(Received 24 September 1988. Revised 17 July 1989. Accepted 27 July 1989) 

Summary-Tin is extracted from O.OlM hydrochloric acid on a silica-gel column impregnated with 
bis(2-ethylhexyl)phosphoric acid, stripped with 5M hydrochloric acid, and then determined spectrophoto- 
metrically as its Pyrocatechol Violet complex at 555 nm. Tin has been separated from several multicom- 
ponent mixtures containing arsenic, antimony, bismuth, lead and copper, and determined in various alloys. 

The extraction chromatographic methods for the 
separation of tin utilize solvating solvents, and liquid 
ion-exchangers as the stationary phase. Tin has been 
separated from bismuth, lead and molybdenum by 
extraction chromatography with methyl isobutyl ke- 
tone from 8M hydrochloric acid,’ and from antimony 
with 2.5%. Alamine 336 coated on a Celite 360 
column.* Trioctylamine has been used as the station- 
ary phase with 6M hydrochloric acid as the mobile 
phase.3 With trioctylphosphine oxide, tin has been 
separated from white metal samples.4 Tributyl phos- 
phate has been used for the separation of tin from 
tellurium and antimony,’ and also for the separation 
of copper, mercury, iron and antimony from tin on 
a Diaflon column.6 Bis(2-ethylhexyl)phosphoric acid 
(HDEHP) has been used for the solvent extraction of 
tin’ and in extraction chromatography for separation 
of tin from indium.’ 

The main advantage of the method proposed here, 
over other extraction chromatographic systems, is 
that it is possible to extract tin from dilute hydro- 
chloric acid. A low concentration of the extractant in 
the stationary phase is used (O.OlM). The method 
permits the separation of tin from germanium, 
arsenic, antimony, lead and aluminium. The separ- 
ation and determination do not take more than 
30 min and are applicable to microgram amounts of 
tin. 

EXPERIMENTAL 

Apparatus 

The chromatographic column was made of a borosilicate 
glass tube, bore 0.8 cm, length 20 cm, fitted with a glass- 
wool plug at the base. 

Reagents 

The stock solution of tin was prepared by dissolving 
0.165 g of granulated tin in 20 ml of nqua regiu, evaporating 

*Author for correspondence. 

the solution almost to dryness and diluting it to 100 ml with 
2% v/v hydrochloric acid. This solution was standardized 
gravimetrically with cupferron,9 and diluted to give a 
solution containing 60 ,ug/ml tin. 

The silica gel (BDH) (100-200 mesh) was dried at 120” for 
2 hr, and then packed in a U-tube. A stream of dry nitrogen 
was passed for 2-3 hr through a small Drechsel bottle (or 
equivalent) containing 25 ml of dimethyldichlorosilane, and 
then through the U-tube containing the silica gel, to convert 
the surface silanol groups into silyl ether groups. The silica 
gel was then washed with anhydrous methanol to form 
methoxy groups from the unreacted hydroxyl groups, as 
well as to remove hydrochloric acid from the silica gel. The 
treated silica gel was then dried at loo”. In routine work 1 
ml of dimethyldichlorosilane is adequate to render 10 g of 
silica gel hydrophobic. 

A solution of 1 ml of HDEHP in benzene was prepared 
and transferred into a flask containing 4 g of the hydro- 
phobic silica gel. The benzene was slowly removed from the 
suspension, in a rotary vacuum evaporator, until dry silica 
gel was obtained; a low vacuum was applied to remove air 
from the micropores and to accelerate evaporation of the 
benzene. The silica gel coated with HDEHP was then 
slurried with distilled water and poured into the borosilicate 
tube to make the chromatographic column. Voids were 
eliminated by gentle pressing with a glass rod. Four g of the 
coated silica gel was sufficient to give a bed-height of 8 cm, 
which was used for the column studies. 

General procedure 

An aliquot of solution containing 60 pg of tin was made 
O.OlM in hydrochloric acid and passed through the column 
at a flow-rate of I ml/min. The tin retained on the column 
was stripped with various mineral acids. Twenty 2-ml 
fractions were collected and analysed spectrophotometri- 
tally for tin as its complex with Pyrocatechol Violet, with 
measurement at 555 nm.‘O 

RESULTS AND DISCUSSION 

Extraction conditions 

Tin has been extracted from O.OS-OSM hydro- 
chloric acid with HDEHP dissolved in aromatic 
hydrocarbons.’ The same conditions are valid for the 
extraction chromatography. Tin is extracted quanti- 
tatively from O.Ol-0.75M hydrochloric or O.Ol-2M 
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Table I. Column extraction studies of tin(IV) (60 pg) 

Amount of Sn 
Concentration, extracted, Extraction, 

Acid M fig % 

HCl 0.01-0.1 60.1 100.1 
0.25-0.75 59.9 99.8 

1.0 49.9 83.1 
2.0-5.0 0 0 

HNO, 0.014. I 59.9 99.8 
0.25-2.0 60.2 100.3 

3.0 45.0 75.0 
4.0 30.0 50.0 

H, SO, 0.01~.10 59.2 98.7 
0.5 60.2 100.3 
1.0 59.7 99.5 
2.0 47.8 79.5 
3.0 32.4 54.0 

nitric or O.Ol-1M sulphuric acid (Table 1). There is 
no extraction from perchloric acid. Extraction from 
O.Ol-0.75M hydrochloric acid was chosen for further 
study, as it facilitates the subsequent spectrophoto- 
metric determination of tin. 

Effect of stripping agents 

The tin can be stripped with 5-7M hydrochloric 
acid, but other mineral acids are poor stripping 
agents (Table 2). 

Separation of tin from other ions 

Germanium, arsenic, aluminium, nickel, cobalt, 
cadmium, alkali-metal and alkaline-earth metal ions, 
and chromium(V1) are not extracted along with tin 
from O.OlM hydrochloric acid. Beryllium, antimony, 
scandium, bismuth, manganese, copper, zinc, lead 
and molybdenum are extracted along with the tin, but 
are weakly bound and can be eluted with a suitable 
stripping agent, as shown in Table 3. The strongly 
bound tin can finally be stripped with SM hydro- 
chloric acid. 

When a mixture of germanium, lead and tin in 
O.OlM hydrochloric acid was loaded onto the 
column, germanium was not extracted, the extracted 
lead was stripped with O.lM hydrochloric acid, and 
the tin with 5M hydrochloric acid. Similarly, for a 

Table 2. Stripping of tin(IV) from the column with hydro- 
chloric acid 

VP’* v, ,t Recovery, 
D-W M ml ml % 

1 6 22 66.0 
2 6 22 82.0 
3 6 20 89.0 
4 8 

5-7 8 $ 
97.0 

100.0 

*VP = volume of stripping agent corresponding to maxi- 
mum of elution peak. 

TV, = total volume of stripping agent needed for complete 
elution. 

mixture containing arsenic, gallium and tin, arsenic 
passed through the column, and the extracted gallium 
was stripped with 0.25M hydrochloric acid and the 
tin with 5M hydrochloric acid. In quatemary mix- 
tures containing cadmium, zinc, indium and tin, or 
aluminium, manganese, bismuth and tin, cadmium 
and aluminium were not extracted and passed 
through the column, zinc or manganese was stripped 
with O.lM hydrochloric acid, indium or bismuth 
was stripped with OSM hydrochloric acid and 
finally tin with 5M hydrochloric acid. Other 
mixtures such as magnesium, copper, antimony 
and tin, or nickel, copper, scandium and tin were 
similarly separated. Magnesium and nickel were 
not extracted, and passed through the column, 
copper was stripped with O.lM hydrochloric acid 
antimony with 2M nitric acid, scandium with 1M 
hydrochloric acid and tin with SM hydrochloric 
acid. 

When a mixture of six components, containing 
chromium(VI), manganese, indium, antimony, tin 
and molybdenum in O.OlM hydrochloric acid was 
passed through the column, chromium was not ex- 
tracted, manganese was stripped with O.lM hydro- 
chloric acid, indium with 0.25M hydrochloric acid, 
antimony with 2M nitric acid, tin with SM hydro- 
chloric acid and finally molybdenum with a O.lM 
hydrochloric acid/0.2M tartaric acid solution. All the 
elements were determined spectrophotometrically 
with suitable chromogenic ligands,” and good recov- 
eries (99-101%) were obtained. 

Table 3. Extraction and stripping of various ions 

Metal Amount, [HCI] for Stripping agents 
ion i& extraction, M (16-20 ml required) 

Ge 20 6-10 0.1-3M HCI, HNO, or H,SO, 
Be 10 O.OlXI.25 l-3M HCI, 2-3M HNO,, 1-2M H,SO, 
Sb 200 0.01-0.75 2444 HCl, 2-5M H,SO,, 2-5M HNO, 
SC 50 0.0145 l-3M HCl 
Bi 250 0.014.25 0.5-2M HC1 
cu 200 0.01 O.lM HCI 
Zn 100 0.01 O.lM HCI 
Pb 100 0.01 O.l-2M HC1 
MO 20 0.01-2 O.lM HCl + 0.2M tartaric acid 
Ga 20 0.014.1 0.25M HC1 
In 100 0.0141 0.25M HCI 

Mn 100 0.01 O.lM HCl 



Determination of tin in various alloys group as tin in the Periodic Table. The total 

Tin was determined in gunmetal, Wood’s metal required for separation and determination is around 

and bismuth solder. About 0.2 g of the alloy, accu- 30 minutes. 

rately weighed, was dissolved in aqua regia and 
the solution was evaporated almost to dryness. The 
residue was taken up with 2M hydrochloric acid and REFERENCES 

the solution made up to volume in a lOO-ml standard 1. J. S. Fritz and G. Latwesen, Talanta, 1967, 14, 529. 
flask. An aliquot of the solution was made O.OlM in 2. A. A. Abdel-Rassoul, H. F. Aly and N. Zakareia, 
hydrochloric acid and passed through the column. Z. Anal. Gem., 1974, 272, 27. 
Cadmium was not extracted, the extracted copper, 3. I. P. Alimarin, E. V. Skobelkina, T. A. Bol’shova and 

zinc, lead and bismuth were stripped with appropri- N. B. Zorov. Zh. Analit. Khim.. 1978. 33. 1318. 
4. 

ate concentrations of hydrochloric acid, and finally 
R. B. Heddur and S. M. Rhopkar, Analyif, 1984, 109, 
1493. 

tin was stripped with 5M hydrochloric acid. The 5. J. Mikulski and I. Stronski, Nukleonika, 1961, 6, 775. 
tin contents found (certified contents are shown in 6. I. Akaaa and M. Yata, J. Radio& Chem., 1983, 78, 

brackets) were 5.20, 5.32% (5.40%) for gunmetal, 255. 

11.18, 11.30% (11.50%)forWood’smetaland45.8% 
7. V. A. Tarasova, I. S. Levin and T. F. Rodina, Zh. 

Analit. Khim., 1977, 32, 719. 
(46.0%) for bismuth solder. 8. E. S. Gureev, V. S. Usachenko and G. A. Brodskaya, 

The proposed method is simple and selective. The Radiokhimiya, 1974, 16, 286. 
separation of tin from lead, arsenic, antimony, bis- 9. A. I. Vogel, A Text-book of Quantitative Inorganic 

muth and copper is important as they are associated Analysis, 4th Ed., p. 484. Longmans, London, 1978. 

in several alloys. The separation from germanium 
10. W. J. Ross and J. C. White, Anal. Chem., 1961,33,421. 
11. F. D. Snell, Photometric and Fluorometric Methods of 

and lead is important as these belong to the same Analysis, Wiley-Interscience, New York, 1978. 
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COLORIMETRIC DETERMINATION OF THEOPHYLLINE 
AND AMINOPHYLLINE WITH DIAZOTIZED 

p-NITROANILINE 
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Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Assiut University, Assiut, Egypt 

(Received 27 September 1988. Revised 25 April 1989. Accepted 10 July 1989) 

Summary-The reactions of theophylline and aminophylline with diazotized p-nitroaniline in alkaline 
medium have been studied and developed into a sensitive assay for both drugs. The yellow azo-dyes 
formed with theophylline and aminophylline show maximum absorption at 440 and 410 nm respectively. 
Beer’s law is valid within the concentration range 2-16 pg/ml for theophylline and l-8 pg/ml for 
aminophylline. All variables which affect the reactions were studied and optimized. The proposed method 
has been successfully applied to determination of the drugs in their commercially available dosage forms. 
Statistical analysis of the results revealed that the proposed method is as precise and accurate as the official 
USP procedure. 

Theophylline is mainly used as a diuretic, and 
aminophylline is used to treat diseases of the respira- 
tory and cardiovascular systems and cardiac 
pulmonary and renal oedema. Techniques used for 
the determination of these drugs include titrimetry,‘s6 
complexometry,’ spectrophotometry,2s8 colorimetry9~‘0 
phosphorimetry,” and chromatography.‘2-‘4 

The proposed assay was developed by adapting the 
principle of the Pauly reaction,15 which is specific for 
imidazole derivatives. Diazotized p-nitroaniline was 
used as the coupling reagent and a rapid, sensitive 
and selective method for the determination of 
theophylline and aminophylline was developed. 

Apparatus 

EXPERIMENTAL 

A Zeiss PM2DL spectrophotometer was used. 

Reagents 

Pharmaceutical grade anhydrous theophylline and 
aminophylline were obtained as gifts from manufacturers 
and used as working standards without further treatment. 
All chemicals and solvents used were of analytical grade. 
Various commercial dosage forms, including tablets and 
ampoules, were purchased from the local market. 

Diazotizedp-nitroaniline solution. Dissolve about 40 mg of 
p-nitroanaline in 2 ml of concentrated hydrochloric acid in 
a 25ml standard flask. Cool in an ice-bath, add 2 ml of 2% 
sodium nitrite solution, and after 10 min dilute to volume 
with water. Mix well and keep in an ice-bath. This reagent 
solution should be used within 5 hr. 

Aqueous 3.3% sodium carbonate solution. 
Standard theophylline and aminophylline solutions. Dis- 

solve 0.0250 g of theophylline or 0.0125 g of aminophylline, 
accurately weighed, in exactly 100 ml of distilled water. 
Procedures 

Transfer 1 ml of an aqueous sample solution containing 
about 250 pg of theophylline or 125 pg of aminophylline 
into a 25-ml standard flask. Add 2 ml of 3.3% sodium 
carbonate solution and 1 ml of diazotized p-nitroaniline 

solution and mix well. After 10 min dilute to the mark with 
methanol. Measure the absorbance at the appropriate wave- 
length for each drug, against a blank similarly prepared. 

Injections. Mix the contents of ten ampoules. Dilute an 
accurately measured volume of the mixture, equivalent to 
25 mg of aminophylline, with distilled water to obtain a 
125 pg/ml solution and apply the procedure above to 1 ml 
of it. 

Tablets. Weigh and powder 20 tablets. Transfer an accu- 
rately weighed amount of the powder, equivalent to 25 mg 
of theophylline, to a lOO-ml standard flask, and dilute to the 
mark with distilled water. Shake the mixture well and filter. 
Discard &he first portion of filtrate. Apply the procedure 
above to 1 ml of this solution. 

RESULTS AND DISCUSSION 

The products of coupling the two drugs with 
diazotized p-nitroaniline in the presence of sodium 
carbonate are yellow, with an absorption peak at 
440 nm for theophylline and 410 nm for amino- 
phylline (Fig. 1). Beer’s law is obeyed for both drugs 
(Table 1). 

For the diazotization step, concentrated hydro- 
chloric acid was found superior to concentrated 
sulphuric acid. It was found that with OS-5 ml of 2% 
sodium nitrite solution and 2 ml of concentrated 
hydrochloric acid as the diazotization mixture, con- 
stant and maximum yield of aminophylline reaction 
product was obtained by the recommended proce- 
dure when at least 40 mg of p-nitroaniline was 
diazotized and the diazonium salt solution was di- 
luted to 25 ml, 1 ml of which was then used for the 
coupling reaction (Fig. 2). Removal of excess of 
nitrous acid was not necessary, as it did not affect the 
coupling reactions. 

The coupling was performed in alkaline medium, 
and it was found essential to add the alkali first and 
then the diazotized p-nitroaniline; this is done in 
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330 370 410 450 490 530 

Wovelength (nm) 

Fig. 1. Absorption spectra of coloured product of the drugs 
with diazotized p-nitroaniline. (-) Theophylline. (---) 

Aminophylline. 

order to replace the reactive hydrogen atom at pos- 
ition 7 with sodium, otherwise, the kinetically 
unstable triazoderivative would be formed. 

Various basic solutions (sodium acetate, sodium 
carbonate, sodium bicarbonate and sodium hydrox- 
ide) over a range of concentrations were tested in 
order to find the best to use. Sodium carbonate 
solution (3-3.5%) was found the most suitable 
(Fig. 3). 

For the final dilution it is immaterial whether 
water, methanol, ethanol or propan-l-01 is used. The 
coupling reaction yields the same absorbance when 
done at any temperature in the range O-25”, so it is 
not necessary to cool the solution for the purpose. At 
0” more than 10 min will be needed for complete 
colour development before dilution to final volume. 
At 25”, the colour is fully developed and constant in 
reaction times of 5-25 min, but then begins to fade. 
Once the solution has been diluted to volume, how- 
ever, the colour is stable for at least 12 hr. A reaction 
time of 10 min was selected. 

Interferences 

To assess the specificity of the method for 
theophylline and aminophylline, related compounds 
such as caffeine and theobromine as well as drugs that 
may be found with theophylline in certain dosage 
forms (e.g., ephedrine hydrochloride and pheno- 
barbitone) were tested under the proposed reaction 
conditions. The results showed that these drugs give 
zero absorbance over the wavelength range 
400-450 nm. 

Application to dosage forms 

Commercial tablets and ampoules containing theo- 
phylline or aminophylline were successfully analysed 
by the proposed method (Table 2). Recovery experi- 

ments were performed for each drug in its dosage 
form and pharmaceutical preparations. Statistical 
analysis (F-test and t-test) of the results obtained by 
the suggested method and an official method showed 
no significant difference in performance. Commonly 
encountered excipients and additives such as lactose, 
starch, magnesium stearate, talc and sodium chloride 
did not interfere. 

The method proposed has the advantages of being 
simple and sensitive. Also the diazonium salt couples 
directly with theophylline, and there is no need for 
alkaline hydrolysis prior to coupling. 

0.7r .-.-.-.-. 
0.6 / 8 E 0.5 ./* 

p” 
$ . / 

$ 0.4 1 / 
. 

0.3 

I I I I 1 
0.04 0.06 0.12 0.16 0.20 

p-Nitroaniline concentration 
(g/100 ml) 

Fig. 2. Effect of different amounts of diazotized p-nitro- 
aniline on the intensity of coloured reaction product with 

theophylline (10 pg/ml). 

1 2 3 4 5 

Sodium carbonate concentmtion (g /lo0 ml ) 

Fig. 3. Effect of concentration of sodium carbonate on the 
intensity of coloured reaction product of theophylline 

(10 pg/ml) with diazotized p-nitroaniline. 

Table 1. Data for the reaction of theophylline and aminophylline with diazotized p-nitroaniline 

Drug 

Theophylline 
Aminophylline 

I mai 1 
nm 

440 
410 

Apparent 
molar 

Beer’s law Slope*, absorptivity, Correlation 
range, W/ml Intercept* mlllrg l.mole-‘.cm-’ coefficient 

l-16 0.005 0.0654 1.3 x lo4 0.9990 
I-8 0.011 0.0940 4.8 x 104 0.9987 

*Of regression line. 
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Table 2. Determination of theophylline and aminophylline in some commercial preparations 

Proposed method 
Nominal Recovery by 
content, Found, Added, Recovery, other method 

Formulation mg % + SD mg % + SD (reference) 

Theophylline 
Quobron-T/SR tablets 3OO/tablet 100.1 f 0.4 300 100.1 f 0.3 100*0.3 (1) 

(Mead Johnson U.S.A.) I = 0.53 
F = 1.94 

Tepdrin tabletst 
(Misr, Egypt) 

120/tablet 99.8 f 0.5 120 99.9 + 0.4 99.9 f 0.6 (18) 
i CO.14 

F=l.90 

Asmasone tablet@ 
(Nile, Egypt) 

lSO/tablet 99.8 * 0.6 150 99.9 + 0.6 99.9 + 0.6 (18) 
t =0.14 

F= 1.4 

Asmacid tablets3 
(Cid, Egypt) 

120/tablet 99.9 * 0.4 120 99.8 f 0.3 99.7 f 0.4 (19) 
t = 0.74 

F = 1.14 

Aminophylline 
Cidophylline ampoules 

(Cid, Egypt) 
250/ampoule 99.8 + 0.97 250 99.8 f 0.4 100.0 + 0.5 (1) 

t = 0.49 
F = 2.65 

*Average of 8 determinations f standard deviation; theoretical values at 95% confidence limit: t = 2.14; F = 3.79. 
tEach tablet also contains ephedrine.HCl 25 mg, phenobarbitone 8 mg. 
$Each tablet also contains ephedrine.HCI 30 mg, papaverine.HCl 150 mg, phenobarbitone sodium 10 mg. 
$Each tablet also contains ephedrine.HCI 15 mg, meclozine 25 mg, and phenobarbitone 10 mg. 

Nature of the coupled product 

The coupling may be considered as a proton- 
eliminating reaction of a diazonium salt with another 
compound possessing an active hydrogen atom.r6 
Theophylline can couple at the 8-position with the 
diazonium salt because this position has a pro- 
nounced nucleophilic character.” The suggested 
reaction path is shown below. 
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Summary-The performance of graphite-tube electrothermal atomizers is evaluated for laser-excited 
atomic-fluorescence spectrometry for several elements. Three pulsed laser systems are used to pump 
tunable dye lasers which subsequently are used to excite Pb, Ga, In, Fe, Ir, and Tl atoms in the hot graphite 
tube. The dye laser systems used are pumped by nitrogen, copper vapour and Nd:YAG lasers. Detection 
limits in the femtogram and subfemtogram range are typically obtained for all elements. A commercial 
graphite-tube furnace is important for the successful utilization of the laser-based method when the 
determination of trace elements is intended, especially when complicated matrices may be present. 

Laser-excited atomic-fluorescence spectrometry 
(LEAFS) has been shown to be a very sensitive 
method for the determination of trace amounts of 
metal. The technique of laser-excited fluorescence has 
been applied to different atom cells, such as 
atmospheric-pressure flames,le3 electrothermal 
atomizers,” inductively coupled plasmas,‘O~” and 
other types of atomizers.‘2~‘3 Recent reviews by 
Winefordner and 0menetto14 and Butcher et al.” are 
recommended for an overview of past work in this 
area. 

The combination of pulsed-laser excitation with 
electrothermal atomization for laser-excited fluores- 
cence has certainly matched the theoretical expecta- 
tions described in the literature16*” in terms of 
increased sensitivity and linear dynamic range com- 
pared to electrothermal atomization AAS. Most of 
the recent work has shown that femtogram and 
subfemtogram detection limits are obtained for a 
large number of elements. This level of detection 
power is seldom approached when flames or plasmas 
are used as atom cells.‘* 

Previous work from this laboratory has been 
dedicated to the study of the analytical potential of 
LEAFS when this method is combined with elec- 
trothermal graphite-tube atomization.19.20 In our past 
work, a conventional graphite-tube atomizer (either 
laboratory-made or a standard commercial type) was 
arranged to collect fluorescence emission efficiently 
by using a plane mirror having a hole in its centre. 

*Present address: Iowa State University, Ames Laboratory, 
Ames, IA. 

tPresent address: Eastman Kodak Company, Rochester, 
NY 14652-3708. 

§Author to whom correspondence should be sent. 

The pierced mirror allowed the laser beam to illumi- 
nate the interior part of the graphite tube along the 
tube axis. The reflecting surface of the pierced mirror 
was positioned at 45” to the longitudinal axis of the 
tube, and a lens was used to image the centre of the 
tube into the entrance slit of a fluorescence 
monochromator. With this optical arrangement, 
modifications of commercial graphite tubes are not 
necessary. 

This paper reports our recent single-resonance 
LEAFS results for Pb, Ga, In, Ir, Tl, and Fe, 
obtained by using dye lasers, pumped by a copper 
vapour laser, a nitrogen laser, and an Nd:YAG laser 
to excite atoms produced in electrothermal atomizers. 
The fluorescence is measured by conventional spec- 
trometric systems with gated detectors. 

EXPERIMENTAL 

Since a detailed description of the instrumentation used 
has been given elsewhere,‘e22 only a brief summary will be 
presented here for each of the laser systems. 

Nitrogen -pumped dye laser system 

The nitrogen-pumped dye laser (Molectron, Palo Alto, 
CA, Model UV-24; Model DL-II) was operated at 20Hz. 
The visible output from the dye laser was frequency-doubled 
and directed by a mirror and lens along the axis of a 
graphite tube atomizer (Perkin-Elmer, Norwalk, CT, Model 
HGA-2200). The laser beam was focused into a hole in a 
plane mirror positioned to allow the fluorescence emission 
to be redirected to a lens which formed the image of the 
centre of the tube furnace on the entrance slit of a medium 
resolution monochromator (McPherson, Acton, MA, 
Model EU-700). The flux was then detected with a photo- 
multiplier (Hamamatsu Corp., Bridgewater, NJ, Rl414) the 
outpit from which was suitably amplified and processed by 
a boxcar integrator (Stanford Res. Cork.. Palo Alto. CA. 
Model SR 245) inteifaced with a coml&er (IBM dorp.; 
Boca Raton, FL, Model PC-XT) for analysis, storage and 
display. 
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Nd:YAG-pumped dye laser system 

In this experimental system, the beam of the frequency- 
doubled Nd:YAG laser (Quantel Intl.. Santa Clara. CA. 
Model YAG 581-30) operated at 30 Hz pumped a dye laser 
system (Quantel Intl., Santa Clara, CA, Model TDL-50), 
the output of which was directed along the axis of a 
graphite-tube atomizer (Perkin-Elmer, Norwalk, CT, HGA- 
2200) by means of several prisms. To reach the resonance 
excitation transitions for some of the elements studied with 
this system, the use of sum frequency generation (SFG), 
sometimes called frequency mixing, was necessary. The 
fundamental Nd:YAG laser output (1064 nm) was mixed in 
a crystal with the output from the dye laser (DCM dye, 
605670 nm) and resulted in blue light (39@420 nm) which 
was used for the Ga and In experiments. Frequency- 
doubling of the dye laser output was used for the Pb 
measurements. 

The detection apparatus in this system was similar to the 
one described for the nitrogen laser spectrometer, except 
that a double monochromator (Spex Ind., Edison NJ, 
Model 1680B) and a different photomultiplier tube R955 
(Hamamatsu Corp., Bridgewater, NJ) were used. 

Copper vapour -pumped dye laser system 

The configuration of this system was similar to the two 
systems already described. A copper vapour laser (Metalaser 
Tech. Pleasanton. CA. Model 251) onerated at 6000 Hz 
pumped a dye ‘laser’ (Laser Photonics, Orlando, FL, 
Molectron DL-II) to generate visible laser radiation which 
was then frequency-doubled and directed through the 
graphite tube atomizer (Varian Instruments, Palo Alto, CA, 
CRA-90) in a similar way to that described above. The 
fluorescence emission was dispersed by a 0.25 m monochro- 
mator (Spex Ind., Edison, NJ, Model Minimate). 

RESULTS AND DISCUSSION 

The absolute detection limits for all the elements 
measured with the specific laser spectrometer system 
by single resonance LEAFS are given in Table 1. The 
analytical calibration plots were linear and were 
extrapolated to the signal equal to three times the 
standard deviation of the blank, for evaluation of the 
limits of detection. The blank was measured by the 
off-line approach,23 consisting of adjusting the dye 
laser wavelength to several absorption-line half- 
widths away from that of the absorption peak. 

The results obtained with the nitrogen laser for the 
three elements determined are comparable with the 

best detection limits obtained by other workers with 
graphite-cup or modified graphite-tube electrother- 
mal atomizers. 

The measurement of iridium is more difficult, 
especially because the atomization temperature must 
be about 2900”, which presents problems with mask- 
ing the resultant furnace blackbody emission. It was 
necessary in this case to reduce the monochromator 
slit-widths to 250 pm instead of the 1000 pm used for 
the other elements. The detection limit obtained for 
iridium was 10 pg. This result is comparable with the 
sensitivity obtained by Bolshov et aLz4 who obtained 
a 6-pg LOD for iridium with the same excita- 
tion/emission scheme. It is important to note that 
these results were obtained by using a graphite-tube 
atomizer with the quartz windows removed in order 
to minimize laser scatter, and under low gas-flow 
conditions during the atomization step. 

With the copper vapour-pumped dye laser system, 
the range of linearity for lead was from 5 pg to 0.5 fig 
and the limit of detection obtained was in the sub- 
femtogram range (0.5 fg).i9 It is known that the use of 
a high repetition-rate laser should improve the detec- 
tion power for elements such as lead which possess a 
metastable level, where a large portion of the atomic 
population resides during the atomization-excitation 
process, making these atoms unavailable for further 
excitationz5 The LODs for Ga and Fe, comparable to 
the ones obtained with electrothermal atomization 
atomic-absorption spectrometry, were limited by the 
low energy per pulse produced by the laser (about 
400 nJ) which did not allow optical saturation of the 
atomic transitions, and to the design of the atomizer 
(Varian CBA-90) which may not have allowed for a 
sufficiently long residence time for the atoms. 

With the third spectrometer system, containing the 
dye laser pumped by an Nd:YAG laser, excellent 
detection power was obtained for the measurement of 
lead (3 fg LOD). These experimentsi were done with 
a laboratory-constructed tube-atomizer containing 
windows which allowed stopped-flow operation. By 
passing the laser beam first through the atom cell and 
then focusing it into the hole in the pierced mirror it 
was possible to use windows, because the majority of 

Table 1. Absolute detection limits obtainable bv LEAFS 

LOP f- 
1 .2X, I,, 

Element Laser systems nm nm This work Previous work 

Fe Cu vapour 296.7 373.5 500 1002 
Ga Cu vapour* 287.4 294.4 2000 10000’ 

Nd:YAGt 403.3 417.2 25 
In Nd:YAGt 410.1 451.1 10 209 
Ir Nitrogen? 295.1 322.1 10000 600024 

Cu vapour* 0.5 
Pb Nd:YAGt 283.3 405.8 3 1.524 

Nitrogen? 3 
Tl Nitrogent 276.8 352.9 7 0.76 

*Approximate pulse energies of 200nJ are insufficient for optical 
saturation. 

tApproximate pulse energies of 20-40~5 at the ETA are sufficient for 
optical saturation. 
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the scattered laser light was propagated back towards 
the monochromator. The use of a filter was still 
necessary to reduce the remaining laser-induced scat- 
tering. In our case, a l-cm thickness of 75 g/l. sodium 
nitrite solution was placed in front of the monochro- 
mator to act as a filter in the Ga experiments.26 

CONCLUSIONS 

Femtogram and subfemtogram detection limits 
have been obtained for several elements by using 
three different laser systems and spectrometric optics 
for single-resonance laser-excited fluorescence in a 
graphite-tube furnace. It can be concluded that com- 
mercial electrothermal atomization devices can be 
co.:‘:ined with laser-excited atomic-fluorescence by 
using a simplified optical collection arrangement. 

Further work is in progress, including the use of 
the copper vapour laser with an enclosed type 
graphite atomizer, with hopes of improving the detec- 
tion power for lead (and other elements), especially 
since we have recently improved the frequency- 
doubling efficiency by a factor of 5 by improved 
optical alignment. With the Nd:YAG laser system, 
double resonance-excitation with fluorescence emis- 
sion in the short-wavelength ultraviolet region has 
been achieved and will be described elsewhere. In 
addition, p-barium borate (BBO) crystals for SFG 
should allow us to reach the excitation wavelengths 
of elements such as Zn, As, and Se with excellent 
output efficiency. 
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Summary-The extraction of hydrogen chloride by a secondary amine (B), Amberlite LA-l, dissolved in 
1,2dichloroethane was studied by two-phase potentiometric titration. The results, treated by a general 
minimizing program, indicate dimerixation: SBHClS(BHCl),. The equilibrium constant of this reaction 
was calculated. The extraction of Cu(II) from 6M hvdrochloric acid bv Amberlite LA-l hvdrcchloride 
(BHCl) dissolved in 1,2-dichloroethane,‘was also studied. The extraction of Cu(I1) can be explained as 
due to formation of two species, (BHCl),CuCl, and (BHCl),CuCl,, in the organic phase. The formation 
constants of these species-were calculated. 

Long-chain alkylammonium salts have a strong tend- 
ency for molecular aggregation into dimer, trimer 
and higher aggregates in organic solvents. The aggre- 
gation number depends both on the chemical nature 
of the amine salts and the solvent. The aggregation 
equilibria have been studied mainly for tertiary 
ammonium salts in benzene,1-3 toluene,‘” o-xylene,5*6 
octane,‘** and chloFoform.9~‘0 Kojima and Fukutomi” 
studied these equilibria in other solvents, such as 
cyclohexane, chlorobenxene, nitrobenzene and also in 
mixtures of solvents. 

The aggregation equilibrium has to be taken into 
account in the interpretation of metal-ion extraction. 
In previous work, the extraction of Zn(II), Cd(I1) and 
Pb(I1) by Amberlite LA-2 in 1,Zdichloroethane was 
studied.12 In the present work the systems 

Amberlite LA- 1, 1 ,Zdichloroethane 1 HCl 

and 

(Amberlite LA-l)HCl, 

were studied. 

1 ,Zdichloroethane 1 CuCl, , HCl 

Reagents 
EXPERIMENTAL 

The commercial product known as Amberlite LA-l 
(Rohm & Haas), a secondary Ndodecyl(trialkyl)amine, B, 
was used. It was washed alternately with 10% v/v hydro- 
chloric acid and 10% sodium hydroxide solution several 
times and with redistilled water.t3 After dilution with 1,2- 
dichloroethane to the required concentration, the Amberlite 
LA-l was completely transformed into the hydrochloride by 
shaking with 2M hydrochloric acid. 

The 1,Zdichloroethane was washed with 5% aqueous 
potassium carbonate solution, then four times with fresh 
portions of water, dried with anhydrous sodium sulphate, 
and finally distilled with a high-efficiency fractionation 
column. 

Cupric chloride dihydrate and hydrochloric acid were of 

analytical grade. All aqueous solutions were prepared in 
redistilled water. 

Five solutions of the free amine, B, in 1,2_dichloroethane, 
at concentrations 0.015, 0.026, 0.043, 0.083 and O.l73M, 
were used to extract hydrogen chloride from hydrochloric 
acid. The solutions of the hydrochloride, BHCl, to be used 
for the extraction of copper, were prepared within the 
concentration range 0.103-0.69OM. 

The titrant was prepared by mixing equal volumes of 1M 
hydrochloric acid and 1M sodium chloride. The composi- 
tion of the aqueous phase for extraction was 1 x lo-’ or 
5 x 10m4M cupric chloride in 6M hydrochloric acid. ‘The 
concentration of copper in the aqueous phase before and 
after extraction was determined by flame atomic-absorption 
after removal of the hydrochloric acid from the solutions by 
evaporation just to dryness and dissolution of the residue in 
water. 

Methods 
Two-phase potentiometric titration. The technique used 

has been described in detail by Hbgfeldt.” The measure- 
ments were performed with the following system: 

1 aaueous phase: 1 

Ag, AgCl, 1M NaCl ‘* HCI Organic glass 
phase: B in electrode 

1,2dichloroethane 

The titrant was gradually added to the cell, which contained 
equal volumes of both aqueous and organic phase (50 ml). 
The time needed to reach equilibrium was found to be 3-4 hr 
for the first points and only a few minutes for the last points. 
The concentration of hydrogen ion in the aqueous phase 
was calculated from the expression 

E=Er,+59.1610g[H+],+j[H+], (1) 

The constants E, and j were determined in separate 
titrations with no organic phase present, and performed 
before and after two-phase titration. 

The titration vessel was kept at a constant temperature of 
25 f 0.2”. 

The extruction of copper. Equal volumes (20 ml) of the 
aqueous cupric chloride solution in 6.44 hydrochloric acid 
and the 1,2dichloroethane solution of LA-l hydrochloride 
were shaken at room temperature (22 f 1”) for cu. 30 min. 
The phases were then separated and the concentration of 

1295 



1296 ANALYTICALDATA 
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Z 
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0.2 - 

0.0 - I I 
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-Log CH+l,,CCl-I,, 

Fig. 1. Experimental degree of neutralization of the amine, 
Z, as a function of -log[H+],[Cl-] for various concen- 
trations of Amherlite LA-1 in 1,2-di&oroethane: O.OlSM 
0; 0.026M 0; 0.043M 0; 0.083M 0; 0.17344 0, lines 
were calculated with log R,, = 5.28 and log Rz2 = 12.50; 

[Cl-] = 1M. 

copper in the aqueous phase was determined by flame 
atomic-absorption. 

RESULTS AND DISCUSSION 

Extraction of acid 

In Fig. 1 the degree of protonation (2) of the 
amine in the organic phase is plotted against 
-log[H+],[Cl-1,s for the five amine concentrations 
studied. Z is defined by 

z = (QlcA&, )org (2) 

Generally, multistep equilibria involving mono- 
meric B and BHCl species as well as (BHCI), aggre- 

l.Or I BHCl I2 

I I I I 
0.0 0.2 0.4 0.6 

(cB)org 

Fig. 2. The fraction of monomer (BHCl) and dimer (BHCl), 
in the organic phase as a function of total amine 

concentration. 

gates must be considered.‘-‘2 Unsymmetrical species 
of the type B,(HCl), are unlikely to be formed. The 
extraction of hydrochloric acid can be represented by 

n B,, + n H& + n Cl& * (BHCl), erg (3) 

The equilibrium constant of reaction (3) is 

R, = [(BHC1),1,,/[Bl”,,~H+~~~l-l~~ (4) 

The material balance expressions for the acid and 
amine are 

~CHCl~orp=R,,b~H+l~+2R~~b2[H+1~+'~~ (5) 

(~~),,=b+R,,b[H+l,~+2K~~b*[H+l~+... (6) 

where b = [B],,,. 
For determination of the equilibrium constants as 

well as the best combination of complexes to fit the 
experimental data, the general minimizing program 
MINUIT” was used. The error-squares sum U, 
defined by 

uz = 1 Ea,c - zup )* (7) 

was minimized. The summation is taken over all 
the experimental points. The best fit was obtained 
on the assumption that the monomer (BHCl) and 
dimer (BHCl), were present in the organic phase. 
For all the results obtained: log R,, = 5.28 + 0.06 and 
log R** = 12.50 + 0.04. 

The solid lines in Fig. 1 were calculated from these 
values; the fit to the experimental points is in general 
satisfactory. Figure 2 shows the distribution of the 
various species in the organic phase as a function of 
the total amine concentration, for solutions so acid 
that free base can be neglected. 

Extraction of CuCl, 

The experimental data for the distribution of cop- 
per are plotted in Fig. 3 as log D us. log(c,ncl)Org for 

0.5 

r 

-1.01 / ’ I I 
- 1.0 -0.5 0 

LogtCBHCl),,, 

Fig. 3. Distribution ratio log D VS. log (c~~,-,),,~ at two 
different Cu(II) concentrations: [CuCI,] = 5 x 10e4M 0; 

1 x lo-‘M 0. 
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the two concentrations of cupric chloride (1 x 10e4 
and 5 x 10e4M). The distribution ratio, D, is defined 
by: 

D = [Cu(II)I,,/[Cu(II)I, (8) 

It was observed that over the concentration range 
examined the distribution ratio does not depend on 
the Cu(I1) concentration. This suggests that the 
copper is extracted as mononuclear complexes. Equa- 
tion (9) expresses the extraction of CuCl, by BHCI, 
and equation (10) the equilibrium constant: 

CuCl,(,,, + pBHCl,,& (BHCl),CuCl,,,, (9) 

K,, = [(BHCl),CuCl,l,,I[BHCl)P,, tCuCMa.q (10) 

The total concentrations of Cu(I1) in the two phases 
can be written as 

(cc, )org = 1 KBHCl),CuCl, lo&u*+ laq [Cl- I& Bz 
P 

x CWW& (11) 

PI 

(CC.)aq=~[~~Cla-“l.4[CU2+l,,~B.~c~-l:, (12) 
0 0 

where 

/I, = [cucl:-“]/[cu*+][cl-] (13) 

and since 

[Cl-],, = l.OOM, 

D = 1 K’p,PHWr, (14) 
P 

where 

K;, = Kp, 82 f Bn (15) 
0 

C 

The equilibrium concentration of BHCl was calcu- 
lated, taking into account the dimerization of the 
amine salt in 1,Zdichloroethane: 

2BHCl,,,, = (BHCl),,,, (16) 

The equilibrium constant of dimerization, calculated 
from 

log I?2 = log Kzz - 2 log R, , (17) 

is equal to 10’.95. The mass balance for the amine salt 
can be written as 

(CBHCI )orp = PHWx, + % W-U:, 

+ c P KBHCl)pCuCl,I,, 
P 

(18) 

We can neglect the species containing Cu(I1) and 
calculate [BHCI],, from equation (18). 

Figure 4(a and b) shows the experimental values 
of log D as a function of log[BHCl],,. The full lines 
were estimated from equation (14) for p = 2 and 
p = 3. 

The results obtained indicate the possible existence 
of different metal species in the organic phase. To 
determine the stiochiometry as well as the stability 
constants of these species, the computer general 
program MINUIT was used. In this case, the calcu- 
lation was based on minimization of the function Un, 
defined by 

un = 1 (log D,, - log &J2 (19) 

The results of these calculations are summarized in 
Table 2, where the values of the equilibrium constants 
Ki, , defined in equations (10) and (1 S), the minimum 
values of Un, and the mean standard deviations 
a(log D) are given for each combination of com- 
plexes tried. This table shows that the best fit to the 

-1.3 -1.6 -1.3 - 1.6 -1.3 -1.6 

Log c BHCll erg 

Fig. 4. Distribution ratio log D us. log [BHCI],,. Lines were calculated by using equation (14) for: (a) 
p = 2; (b) p = 3; (c) p = 2 and p = 3 (Table 2, model I). 
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Table 1. Distribution of hydrochloric acid in the system l.OOM (H, Na)Cl, Amberlite LA-I (denoted by B) in 
1,2dichloroethane, given in the form A, 2 where A is -log[H+],[Cl-h, 

(c& = 0.173M (cs),, = 0.083M (cr& = 0.043M (~s)~~ = 0.026M (c& = 0.015M 

A z 
7.026 0.024 
6.834 0.054 
6.654 0.095 
6.463 0.157 
6.355 0.222 
6.223 0.280 
6.139 0.348 
6.026 0.428 
5.852 0.525 
5.770 0.618 
5.627 0.692 
5.500 0.763 
5.377 0.811 
5.231 0.865 
5.091 0.898 
4.920 0.93 1 
4.758 0.953 
4.621 0.970 
4.457 0.985 
4.366 0.990 

A 
6.702 
6.556 
6.381 
6.245 
6.122 
6.005 
5.943 
5.816 
5.688 
5.520 
5.372 
5.274 
5.142 
4.962 
4.871 
4.748 
4.599 
4.497 
4.369 
4.288 

Z 
0.050 
0.093 
0.144 
0.211 
0.282 
0.358 
0.413 
0.504 
0.595 
0.686 
0.767 
0.809 
0.851 
0.897 
0.916 
0.934 
0.953 
0.966 
0.980 
0.985 

A Z 
6648 0.049 
6.426 0.099 
6.262 0.145 
6.171 0.186 
6.114 0.225 
6.039 0.270 
5.951 0.318 
5.882 0.360 
5.746 0.461 
5.596 0.548 
5.469 0.637 
5.280 0.731 
5.108 0.810 
4.803 0.903 
4.636 0.936 
4.421 0.962 
4.293 0.979 
4.129 0.988 

A Z 
6.548 0.039 
6.458 0.056 
6.338 0.087 
6.265 0.117 
6.180 0.150 
6.086 0.193 
6.022 0.224 
5.956 0.265 
5.874 0.311 
5.779 0.370 
5.662 0.450 
5.554 0.527 
5.405 0.611 
5.326 0.659 
5.209 0.729 
5.106 0.771 
4.996 0.819 
4.903 0.848 
4.773 0.886 
4.574 0.930 
4.405 0.954 
4.205 0.980 

A Z 
6.645 0.029 
6.249 0.090 
6.174 0.118 
6.127 0.138 
6.088 0.160 
5.998 0.206 
5.830 0.269 
5.723 0.350 
5.583 0.436 
5.470 0.520 
5.331 0.601 
5.248 0.655 
5.132 0.713 
5.030 0.766 
4.806 0.848 
4.608 0.899 
4.290 0.948 
4.024 0.969 

Table 2. Equilibrium constants for the formation of 
(BHCl),CuCl,, K;,, minimum Uo values and o(log D) for 
different combinations of complexes tested by the program 

Model 
BHCl, CuCl, log K;, LJD e(log D) 

I 2,1 > 2.30 0.003 0.014 
391 3.73 

II 2, 1 
491 

> 2.50 0.004 0.016 
4.78 

III 2, 1 > 2.55 0.014 0.023 
591 5.92 

IV 2,1 2.70 0.016 0.030 
331 3.93 
4. 1 5.19 

Table 3. Distribution ratio of Cu(II) as a func- 
tion of the total concentration of Amberlite LA-l 
hydrochloride in 1 ,Zdichloroethane: comparison 
between the experimental log D values and those 

by using log K;, = 2.30 and log K;, = 3.73 

(cs”cI )oq log D, log DePk 

0.690 0.265 0.265 
0.552 0.143 0.132 
0.483 0.029 0.053 
0.414 - 0.027 -0.037 
0.345 -0.149 -0.143 
0.242 -0.356 -0.352 
0.221 - 0.408 -0.404 
0.207 - 0.420 -0.440 
0.188 - 0.496 - 0.496 
0.179 -0.532 -0.525 
0.166 -0.555 -0.570 
0.149 - 0.658 -0.632 
0.124 -0.731 -0.737 
0.103 -0.824 - 0.842 

experimental data is obtained by assuming that the 
species with the composition (2, 1) and (3, 1) are 
formed in the organic phase. The corresponding 
logarithmic values of K;, and K;, are: 2.30 and 3.73. 

From the values obtained for K;, and K;, the 
values of log Deale corresponding to different BHCl 
concentrations were estimated {equation ‘(1411, and 
compared with the experimental values log D,, 
in Fig. 4(c) and Table 3. The fully satisfactory 
agreement of both sets of data proves that model I 
(Table 2) and the reactions (20) and (21) derived 
from it described well the actual state of the system 
examined. 

In Fig. 5 the distribution of copper between the 
two species (BHCI),CuCl, and (BHCl),CuCl, is 

0 0.2 0.4 0.6 0.6 

Fig. 5. The fraction of copper present in various complexes 
as a function of the total amine concentration. Lines were 

calculated with log K;, = 2.30 and log KG, = 3.73. 



Amine 

Octadecyldimethylbenzyl 
ammonium chloride 

Tricaprylmethyl 
ammonium chloride 

Trioctylammonium 
chloride 

Trilaurylammonium 
chloride 

Trilaurylammonium 
chloride 

N-Dodecyl(trialkyl)amine 

ANALYTICAL DATA 

Table 4 

Ionic 
Solvent medium 

1,Zdichloroethane 6M HCl 

chloroform 3-8M HCl 

benzene 6M HCI 

toluene I-3M LiCl 

toluene 5M LiCl 

1,2_dichloroethane 6M HCl 
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Amine : CuCI, Ref. 

1:l 16 

1:l 17 
2:l 

2:l 18 

3:l 19 

2:l 20 
5:l 

2:l this 
3:l paper 

plotted against (cBHCl),_. Roth species are present in 
appreciable amounts over the amine concentration 
range studied. 

The extraction of Cu(I1) could be described by 

CuCl,<,, + 2BHC\,,=(BHCl), CuCl,,, ; KS, (20) 

CUCl,(,, + 3BHCl,,,+(BHCl),CuCl,~,,,; K,, (21) 

The constants log Kzl = 2.60 and log K,, = 4.03 were 
calculated from equation (15) by using the values of 
the stability constants of the chloro-complexes, 
CuCl;s-“:log /3, = - 0.690, log /I2 = -0.4956, log & 
= - 1.2047, log /34 = -2.3040. 

Several investigatorsiGzO have studied the 
extraction of copper. Their results are summarized in 
Table 4. These studies were performed with tertiary 
amines and quatemary ammonium salts. If Cu(I1) is 
extracted by a quatemary ammonium salt the copper 
complex of stoichiometry 1: 1 predominates in the 
organic phase. In the case of tertiary amines, that 
have a tendency to associate in the organic phase, 
the following ratios of amine to Cu(I1) in the 
extracted species were obtained: 2: 1, 3 : 1 and 5 : 1. 
The results obtained in this work indicate that the 
extraction of Cu(I1) by the secondary amine 
Amberlite LA- 1 dissolved in 1 ,Zdichloroethane 
implies the formation of two different metal species 
in the organic phase, of stoichiometry 2 : 1 and 3 : 1. 

In conclusion, both the secondary amine presented 
in this paper and the tertiary amines reported in the 
other papers, form copper complexes of the same 
type in the organic phase. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
9. 

10. 
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Summary-The complexation reactions between murexide and Co*+, Ni** and Cu*+ in C,H,OH-H,O 
mixtures have been investigated spectrophotometricaliy. The formation constants of the 1:l complexes 
formed increase in the order Co*+ < NiZt < Cu *+ for all solvent mixtures studied, and log K, is a linear 
function of the mole fraction of ethanol. The heat of complexation was determined calorimetrically for 
the nickel and copper complexes. The values of AH” and AS” are solvent~~ndent, and all three 
complexes have negative A.H” and positive AS” values. 

Murexide, ammonium purpurate, has long been used 
as a metallochromic indicator.‘-’ However, the stabil- 
ity constants of its meta ion complexes are not very 
large,4,s which could cause some limitations in the use 
of murexide as a metallochromic indicator in aqueous 
solutions. Since, in the complexation process, the 
ligand must compete with solvent molecules for the 
cations, variation of the solvent is expected to change 
the apparent binding properties of the ligand.8 Thus, 
the use of solvents of lower dielectric constant and 
solvating ability than watery can lead to greater 
stability of the corresponding murexide complexes. 

In the past, the metal-murexide interactions have 
mainly been studied in aqueous solution and infor- 
mation about the interactions in non-aqueous or 
mixed solvents is quite sparse.lO*‘l Here we report a 
thermodynamic study of the murexide complexes 
with Coz+, Ni2+ and Cu2+ in ethanol-water mixtures. 

EXPERIMENTAL 

Reagent grade cobalt nitrate, nickel sulphate, copper 
sulphate (all from Fluka) and murexide (Merck) were used 
without any further purification except for drying over 
phosphorus pentoxide. Absolute ethanol (Merck) mixtures 
with doubly distilled water were prepared by weight. All 
soectra were obtained with a Beckman DK-2A ratio record- . 
ing spectrophotometer and the absorbance measurements 
were made with a Perkin-Elmer 35 spectrophotometer. The 
enthalpies of the complexation rea&ons were determined 
with a modified Guild Model 400 isoperibol solution 
calorimeter. 

The formation constants of the 1: 1 complexes of murex- 
ide and the cations were determined by absorbance measure- 
ments at several wavelengths of solutions in which various 
concentrations of the metal ions (1.0 x 1O-s-8.O x iOw5M) 
were added to a fixed concentration of murexide 
(2.0 x lo-‘M) in different solvent mixtures. All volumetric 

*Author to whom correspondence should be addressed. 

glassware used was calibrated. Equilibrium was assumed to 
be attained if there was no further change in the spectra after 
several hours. 

To determine the heat of complexation, a solution of 
murexide in the desired solvent mixture was allowed to 
equilibrate in the calorimeter cell for about 1 hr. The 
baseline was made horizontal with a baseline compensator. 
A solution of the metal ion was then injected into the cell 
and the response was measured. The heat of dilution of the 
metal ion solution was measured in a blank experiment. The 
accuracy and precision of the calorimetry and experimental 
procedure were determined by means of the standard reac- 
tion between perchloric acid and sodium hydroxide in 
aqueous solutions. The mean heat of reaction found 
(+ standard deviation; six replicates) was - 13.4 f 
0.2 kcal/mole, in reasonable agreement with the reported 
value of - 13.336 * 0.018 kcal/mole.” 

RESULTS AND DISCUSSION 

The spectra of murexide and its complexes with 
Co2+, Ni2* and Cu*+ in various EtOH-H,O mixtures 

400 425 450 475 500 550 600 

Wavelength hm) 

Fig. 1. Spectra of murexide and its complexes: A, murexide; 
B, Ni*+-murexide; C, Co*+-murexide; D, Cu2+-murexide. 
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ANALYTICAL DATA 

Table 1. Log K, of murexide complexes in C,H,OH-H,O mixtures at 25” 

Solvent composition, Mole fraction 
C,H,OH, % w/w of ethanol 

90 0.78 
80 0.61 

70 0.48 
60 0.37 
50 0.28 

30 
10 
0 

0.14 
0.04 
0.00 

log 4 

co2+ Ni2+ CU2+ 
* * * 

5.80 f 0.06 6.31 f 0.07 7.28 & 0.08 
5.7t 6.4t 7.37 

5.11 kO.04 5.85 f 0.05 6.65 f 0.07 
4.43 f 0.05 5.28 + 0.05 6.31 + 0.06 
4.16 f 0.04 5.01 f 0.04 5.86 f 0.05 

4.3t 5.ot 5.8t 
3.40 f 0.04 4.29 + 0.04 5.08 f 0.04 
2.88 rf: 0.05 3.85 f 0.04 4.74 _+ 0.04 
2.48 If: 0.108 3.38 f O.lOtj 4.36 + 0.108 

*The complexes precipitated. 
tcalculated from the continuous variation plots. 
§Data from Gier.5 

Table 2. Thermodynamic parameters at 25” (AC’ and AH” in 
kcal/mole, AS” in cal.mole-‘.deg-I)* 

Ni2+ cu2+ 
Solvent composition 

C,H,OH, % w/w AG” AH” AS” AG” AH” AS” 

1301 

80 -8.60 -5.2 11.4 -9.92 -1.6 27.8 
70 -7.98 -3.2 16.1 -9.07 -2.6 21.8 
60 -7.20 -3.5 12.4 -8.60 -5.3 11.1 
50 -6.83 -2.8 13.7 -7.99 -3.5 15.1 
30 -5.85 -4.5 4.0 -6.93 -3.7 10.7 
10 -5.25 -1.9 11.0 -6.46 -2.8 12.4 
0 -4.61 -1.8 9.4 -5.94 -2.9 10.0 

-1.6t 9.4t 

*Standard deviations: AG” f 0.05, AH” k 0.2, AS” k 1. 
tData from Lin and Bear.“. 

were obtained. The spectra in the 50% EtOH mixture 
are shown in Fig. 1. Reasons for the strong and 
ion-specific blue-shift of the spectra of the complexes 
are discussed elsewhere.7*9~‘0 The stoichiometry of the 
complexes was found by the method of continuous 
variations,rbi4 and found to be 1: 1 in all cases. The 
well defined isosbestic points in the spectra for a fixed 
amount of murexide and varied amounts of metal ion 
are also a good indication of 1: 1 complexation. 

The stability constants of the complexes were 
determined from spectrophotometric titrations of 
murexide solutions with the metal ions and are 
presented in Table 1 along with the values for 
aqueous solution~.~ For the 50% and 80% EtOH 
mixtures the formation constants were also calculated 
from the continuous variation plots,i5 and were in 
satisfactory agreement with those obtained from the 
spectrophotometric titrations. The logarithms of the 
formation constants were found to be linearly related 
to the mole fraction of ethanol in the solvent mix- 
tures. The stability of the murexide complexes was 
also found to increase with decrease in the radius of 
the metal ions, in accordance with the Irving- 
Williams rule.16 

It is known that the solvating power of the solvent, 
as expressed by the Gutmann donicity scale,’ plays an 
important role in complexation processes.s Water is 
a solvent of high solvating ability with donor number 

of 33,” which can strongly compete with murexide 
for the cations. Thus, it is reasonable to expect an 
increase in the formation constants on addition of 
ethanol, which is a relatively low donicity solvent 
(donor number 18.9, to the reaction media. 

Moreover, the lower dielectric constant of ethanol 
(24.3) in comparison with that of water (78.5) would 
also cause the electrostatic contributions to the bond 
formation to increase with increasing percentage of 
ethanol in the solvent mixtures. 

The thermodynamic data for the copper and nickel 
complexes are given in Table 2. The AZP and AS” 
values obtained for the N?+-murexide complex in 
pure water agree reasonably well with those reported 
in the literature (and obtained by a different tech- 
nique).‘s As expected, the thermodynamic data vary 
with solvent composition, and the AH” and AS” 
values show that the complexes are stabilized by both 
the enthalpy and entropy terms. The sign and magni- 
tude of the AS” values are consistent with the 
“chelate effect”.” 
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f64.15. 

The “Handbook of Separation Process Technology” is a resource bank of great value. Each of the eighteen chapters is 
written by experts in a clear, simple, yet rigorous manner: data are presented mostly in graphical form, and flow processes 
and hardware configurations are all well illustrated. The reviews are comprehensive, up-to-date, and well documented. Some 
of the terminology may not be universal but it will be readily interpreted by chemists and engineers. The authors have 
adopted a holistic approach so that discussions range from basic principles, through selection and design, to operation of 
a particular process. 

The first part of the book deals with thermodynamics, mass transfer, phase segregation, and general processing 
considerations, themes that run throughout the book like a weft on which the remaining chapters are woven. The second 
part deals with specific separation processes, from the traditional ones of distillation, absorption, stripping, extraction, 
leaching, crystallization, and adsorption, to the more modem ones utilizing ion-exchange, chromatography, reversible 
chemical complexation, bubbles and foam, solid and liquid membranes. 

Chemists and engineers involved in any aspect of separations will find this book of immense benefit if they wish to broaden 
their knowledge or develop their techniques. 

J. B. CRAIG 
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N&& S~&anls-Pl~ysi~~ Chemistry: MARTIN J. SCHICK (editor), Vol. 23, Dekker, New York, 1987. Pages xv + 1135. 
$195.00 (U.S. and Canada); $234.00 (elsewhere). 

The first edition of Nonionic Surfactcmts (1085 pages) published twenty years ago, was a unified discussion of the organic, 
physical and analytical chemistry, and biology of non-ionic surfactants. There have been so many developments since then 
that this edition is effectively a new book (1135 pages) dealing solely with the physical chemistry of non-ionic surfactants. 

The eighteen chapters are all up-to-date, well documented, and written in clear and concise terms by noted experts. The 
formalism and style are reasonably consistent, and all terms and symbols are clearly defined. There are several themes 
running through this volume which help the reader to gain a continuous, and hence better, understanding of the application 
to non-ionic surfactants of, for example, thermodynamics, phase equilibria, adsorption, intermolecular interactions, etc. 

Chapters 1, 2, 8, and 11 deal with interfacial phenomena: 1 is a discussion of spread and of adsorbed monolayers, and 
the (lack of) correlation between these two types; 2 is a discussion of the fundamentals of the adsorption and wetting 
processes of various types of non-ionic surfactants, from aqueous or non-aqueous solutions onto various types of solid 
surfaces; 8 and 11 will be discussed below. 

Chapters 3-6 deal with the properties of micelles in bulk solution: 3 is a discussion of the factors affecting the critical 
micelle concentration of pure non-ionic surfactants in single and in mixed surfactant systems-the importance of the 
thermodynamic parameters in the understanding of the process of micellization is stressed; 4 deals with micelliition in 
non-aqueous media, the solubilization of water and other polar solubilizates, and their relevance to the studies of catalysis 
by non-ionic surfactants; 5 is an elegant chapter by Denver Hall on the thermodynamics of micelle formation; 6 is a 
discussion of solubilization and phase equilibria in dilute and in concentrated solutions. 

Chapters 7-10 deal with emulsions: 7 continues the theme of phase equilibria to the formation of microemulsions in 2-, 
3-, and multi-component systems; 8 is a description of the preparation, testing, application, and stability of macroemulsions; 
9 is an argument for the replacing of the classical HLB (hydrophilic-hydrophobic balance) value of non-ionic surfactants 
with an effective HLB value which takes into consideration the internal and external factors which are generally overlooked 
except by the phase-inversion temperature (PIT) and emulsion inversion point (EIP) methods; 10 deals with the preparation, 
dynamics, and stability of water/oil/water type multiple emulsions. 

Chapters 11 and 18 deal with the theme of stability: the former assesses the discrepancies that exist between experiment 
and theory, even for very pure systems, concerning the nature of adsorption of non-ionic surfactants on colloidal 
dispersions, particle-particle interactions, and the stability of dispersions; the latter chapter is a discussion of the 
mechanisms of degradation auto-oxidation, and stabilization of polyoxylene derivatives. 

Chapters 12, 16 and 17 deal with structure and dynamics: 12 and 17 deal with the structure and dynamics of organized 
assemblies (micelles, etc.), the former covering the use of small-angle neutron scattering, the latter that of nuclear magnetic 
resonance and other methods; 16 deals with the configuration and hydrodynamic properties of polyoxyethylene chains in 
solution. 

Chapter 13 deals with detergency, 14 with foaming, and 15 with developments in the understanding of polymer-non-ionic 
surfactant interactions. 

This volume is an excellent piece of work and the reviewer agrees with Brian Pethica, who writes in the Preface that this 
is “. . . a feast of a book to stimulate and satisfy scientific and industrial appetites for understanding nonionic surfactants”, 
and strongly recommends it to all those interested in surfactant and surface chemistry. 

J. B. CRAIG 
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EQCAL: L. BACKMAN, Biosoft, Cambridge, 1988. f75.00. 

This program was written primarily for use by biologists, to permit the calculation of equilibrium compositions of free ions 
in metal buffer solutions, with the IBM PC and compatibles. However, it is equally suitable for computation of analytical 
solution equilibria. The program can be run from floppy or hard disc: it runs faster from the hard disc, and a maths 
co-processor also gives increased speed. The program has a very professional appearance; data are entered in a spreadsheet 
format, and the function keys are used to invoke the various commands that are available (help, input data, calculate, save, 
load, print, etc.). The original input data can be modified as desired by simply moving around the screen with the cursor 
keys, then making alterations or additions. Thus, although in any single calculation, only one composition can be examined, 
it is possible to make quite quickly a series of calculations in which the concentration of a component is changed 
systematically. I tested the program for the systems used earlier by Leggett (Tduntu, 1977, 24, 535) and initially found 
some bugs in the program, but these have now been corrected by the author. The present version copes impressively with 
Leggett’s systems, although the speeds do not match mainframe speeds. The Z-page handbook gives clear instructions on 
the use of the program, and an excellent introduction to the way equilibrium data must be presented to the computer. Of 
course, analytical chemists will want to compare this program with mainframe programs, of which my own favourite is 
HALTAFALL. The main losses are the ability to perform calculations for a whole series of solutions in a single run, the 
ability to deal with more than one phase, and the absolute machine-computation time. The gains are that the program is 
user-friendly, data entry is quick, and processing is immediate, so that the extra absolute computation time is offset by the 
time saved from avoidance of the bother of communi~ting with a mainframe. I think that many analytical chemists would 
find this package useful, especially those who have found mainframe programs inaccessible. 

MARY MASON 
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Biate&nelogy and Food Industry: m of the International Symposhmt, Burlapeat, S-9 Cktober 1987: J. HOLL.&I and 
D. T&LEY (editors), Akadtmiai Kiado, Budapest, 1988. Pages xix + 707. f41.50. 

“Biotechnology and Food Industry” is the latest topic in a series of special symposia selected by the International 
Commission of Food and Agroindustries. The Symposium was organized by the Hungarian Scientific Society of Food 
Industry and the Food Science Committee of the Hungarian Academy of Sciences, in cooperation with the European 
Federation of Biotechnology, the European Federation of Chemical Engineering Food Working Group and the 
International Union of Food Science and Technology. 

The book is 700 pages long and contains 64 papers (4 in French, the rest in English), the largest proportion coming from 
Hungary. The standard of the papers and the quality of the publication is reasonably good. 

The first section, General Topics, contains 8 reviews of general problems in biotechnology, and of the situation of 
biotechnology in certain countries. The second section, Genetic Engineering Physiology, contains 10 papers, half of which 
relate to the selection, breeding, improvement, and regulation of wine and brewing yeasts: the other half deals with such 
topics as expression of genes, somatic hybridization by protoplast fusion, and cloning by using plasmid and cosmid vector 
systems. The papers in this and remaining sections are generally in the format of abstract-introduction-matesials, 
methods-results and discussion-references, except for 5 papers which appear in abstract form only. 

The third section, Enzymes and Microorganisms, contains 22 papers and deals with the production, techniques (e.g., 
immobilization), and conditions for optimal efficiency. The fourth and last section, Technological Applications, also 
containing 22 papers, focuses attention on the manufacture of specific end-products such as fuel alcohol, citric acid, beer, 
wort, bread, and feedstocks. It has also papers dealing with the treatment of (food) industrial effluent. 

This book gives information on the present state and possible future developments in_biotechnology in the food industries 
of some countries. Those associated with biotechnology and the food industry may find in this book some ideas useful to 
the solution of their own problems. 

J. B. CRAIG 

Flow Perturbation Gas Chromatography: N. A. KATSANOS, Dekker, New York, 1988. Pages ix + 304. 

Volume 42 in this series of monographs on chromatographic science is concerned with the theoretical and practical aspects 
of flow perturbation gas chromatography. The lirst chapter serves as an introduction to the topic and covers the necessary 
background. This is followed by details of the stopped-flow technique and the bulk of the text is then devoted to the 
reversed-flow technique. This latter technique, pioneered by the author, is based on reversing the direction of flow of the 
carrier gas from time to time rather than stopping it for short intervals. 

Details of experimental arrangements are described clearly and a number of illustrations showing lay-outs of equipment, 
the resulting chromatograms and plots of experimental data are given. The underlying mathematics of the techniques is 
dealt with in a competent manner and the reader should be familiar with, for example, Laplace transformations to cope 
with the level of detail presented. The various physicochemical applications of the reversed-flow techniques are classified 
according to whether the experimental arrangement includes an empty diffusion column, a filled ditlirsion column or a 5led 
sampling column. The measurement of gas diffusion coe5cients, mass transfer coefficients, adsorptiondesorption rates and 
activity coe5cients in liquid mixtures are among the many determinations covered. Specific examples of reaction kinetics 
studied by the techniques are presented, including the oxidation of carbon monoxide and the dehydration of alcohols. 

References, many by the author, are given at the end of each chapter along with lists of symbols used. The book will 
be of much interest to all those studying heterogeneous catalysis. 

P. J. Cox 
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Detergency: Theory and Technology: W GALE CUTLER and ERIK K1s.s~ (edttors) Marcel Dekker, New York, 1987 
Pages VI + 550 S99 75 (U S and Canada; $119 50 (elsewhere) 

Detergency IS an exceedmgly complex subJect because of the heterogeneous nature of soils (dart), of substrates, and of the 
detergent formulatrons The numerous mechanisms of sot1 deposttton, detergent actton and redeposttton, and the numerous 
variables (e g , composttton, temperature, procedures, ttme, eqmpment, and national habits), and the vartety of test 
procedures, further complicate the subJect The authors have produced a good overvtew of the theoretical and practrcal 
aspects of the whole process 

The book begms wtth a chapter on the Evaluatton of Detergency, by Ktssa, and Includes a dtscusston on the composttton 
of model sods, arttfictal sothng techmques, test fabrics, washing methods, redeposrtton tests, and the determmatton of soils 
on fabncs by new and sophrsttcated analytical techniques. Llenado, m Chapter 2, discusses New Physical and Analyttcal 
Techniques m Detergency, which Include electrochemtcal, chromatographtc, and spectroscoptc methods The analysts of 
zeohte A, which 1s extensively used as a budder, 1s discussed m this and later chapters Chapter 3 by Shebs deals exclustvely 
wtth Radtotsotope Techniques m Detergency In Chapter 4, Ktssa gives an extensive and comprehensive revtew of the 
kmettcs and mechanisms of sothng, detergency and redeposttton Although there are minor errors and repettttons, the 
systematic analyses of the quantttattve relationships between the rates of sot1 removal and the parameters of the solhng 
process help to clarify the functions of the various detergents 

Ktssa contmues m Chapter 5 with a study of the mechanism of sot1 release, and the structure of sod-release agents and 
then apphcatton m durable press finishes Schwuger and Smulders, m Chapter 6, Inorganic Binders, examme the modes 
of action of complexmg agents to deter the formatton and deposttron of sparmgly soluble salts on texttles and washing 
machme parts emphases 1s placed on the efficacious properties of zeohte A In Chapter 7, Lmfield describes the charac- 
tensttcs of ltme soap dtspersants, and m Chapter 8 Wentz describes the nature and acttons of detergents used m non- 
aqueous systems (1 e dry-cleamng) In the final chapter, 9, Mmo describes the advances made m detergency m Japan 

Sorhng 1s a universal process but the methods of sod removal vary from country to country This book shows that, m 
different countries, progress IS bemg made m eluctdatmg detergency kmettcs and mechanisms (with practtcal imphcattons 
for commerctal formulattons), m sod release finishes and m the development of meaningful test procedures Detergency 
has come a long way, but tt still has a long way to go This book will therefore be of interest to those who want clean 
surfaces, to fibre, texttle and chemical manufacturers, and to the laundry and laundry-machme industries 

J B. CRAIG 

Modern Drug Research-Paths to Better and Safer Drugs: Y. C MARTIN, E KUTTER and V AUSTEL (edttors) Marcel Dekker, 
New York, 1989 Pages XVI + 507 S125 00 (U S and Canada); S150 00 (elsewhere) 

I enJoyed readmg this book which is the latest (No 12) m a senes of monographs on medtcmal research. The editors are 
to be congratulated m presentmg this multt-authored work m a coherent manner wtth cross-references between the chapters 
by different contributors This avotds the somewhat dIsJoInted presentations of many multi-author comptlattons 

The book covers numerous dtsctphnes which are relevant to drug research These include pharmacology, phystology, 
btotechnology, toxtcology, medicinal chemistry, pharmaceuttcs, sociology and legtslatron Famthartty wrth all these toprcs 
will probably be restricted to those who have degrees m pharmacy but the chemist will still find the book very readable 
as the presentation of topics IS very clear and chemistry forms the foundation of the text. 

The first five chapters cover the modern scientific basis of drug research from theories of drug actton, disease states and 
metabolism to pharmacokmettcs, structure-acttvtty relattonships and hotechnology Chapters 6-9 concentrate on strategtc 
procedures for obtammg, evaluating and developing new drugs Ethical constderattons on antmal expenments and the use 
of alternative methods are covered The tmportance of the computer (e g , m molecular graphics and QSAR) 1s mentioned 
and the use of newer dosage forms (e.g., transdermal systems for drug admmtstratton through the skin and controlled drug 
release systems with polymers) IS well presented The reasontng behmd the effect of drug confonnatton on activity m the 
chapter entitled “The medtcmal chemtst’s approach” IS compromised by an error m Table 9 The final chapter describes 
the impact of the social, financial and working environment on the search for better and safer drugs This IS a salutary 
reminder that these factors need to functton m a postttve manner to complement the recent advances m drug design 

Analytical chemistry is mentioned only bnefly and no fine details are gtven. It 1s stated that HPLC, mass spectrometry 
NMR and X-ray crystallography are used for mvesttgattons m pharmacokmettcs and brotransformatton Determmatton 
of purity pnor to toxtcologtcal studies and certtficatton of stabthty and concentration of acttve substances m batch and 
dosage forms are also mentioned 

All these with interests m drug chemistry who wish an up-to-date overvtew of this mterdtscrphnary SubJect will welcome 
this well produced text 

P J Cox 
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Activation Analysis wltb Charged Particles: C. VANDECASTEELE, Ellis Horwood, Chichester, 1988. Pages 171. E29.95. 

This book provides a comprehensive treatment of the theory of charged particle activation analysis (CPAA), details of 
particle accelerators and laboratory methodology (excluding counting techniques which are fully documented in the literature 
of neutron activation analysis) and reviews of recent applications of the method. Excitation functions for nuclear reactions 
and the range of charged particles in activated materials are major considerations in CPAA. Considerable attention is given 
to these in the theoretical section, improved data yielding reliable results as evidenced by inter-technique comparisons. CPAA 
complements neutron activation analysis by its ability to determine traces of the light elements, and is mainly applied to the 
analysis of metals and semiconductor materials which can withstand charged particle bombardment. 

Most practical detail provided (including selection of the most appropriate nuclear reaction) is concerned with the 
determination of Li, B, C, N, 0 and heavier elements in such materials, limited examples being provided for geological and 
environmental analyses. Whilst more frequently used methods based on atomic or mass spectrometry now attain comparable 
limits of detection, activation methods avoid reagent blanks, and problems of surface contamination can be eliminated by 
removal of the sample surface before counting-methods for such by grinding or etching are de&bed. Whilst &e 
instrumentation required for CPAA is most likely to be located in national laboratories, access to these can be arranged and 
analysts should be aware of this technique if their interests are aligned to the materials emphasised or if validation of a more 
routine method is sought. For such this volume provides the information required to carry out CPAA, and details of 
applications will also be of interest in laboratories where accelerators are operated. 

J. E. WHITLEV 

GUI Chromatography in Adsorption and Catalysis: T. PARYJCWK, Ellis Horwood, Chichester, 1986. Pages xvi + 346. U2.50. 

This book is concerned with the study of physicochemical boundary phases. The objectives include the consideration of 
phenomena associated with adsorptive and catalytic processes using gas-solid chromatographic columns as investigative 
tools. The studies reported are not primarily concerned with the customary separation of mixtures or with quantification 
but rather with those factors affecting the characteristics of single peaks. Nonetheless the detailed consideration of factors 
influencing, for example, peak broadening and shape are of value to those carrying out separations and analysis. It has been 
established that the chromatographic method of determining physicochemical constants gives results entirely comparable 
with those obtained more conventionally. 

The topics reported include the nature of adsorption, the heterogeneous surfaces of adsorbents and catalysts, interaction 
of molecules in the adsorbent layer, studies of diffusion processes, the study of catalytic reactions, and microreactor 
techniques. There are also chapters on determinations of the adsorption isotherm, of the specific surface areas of solids, of 
the dispersion and selective surface area of metals etc., of catalyst surface acidity, and of the heat of adsorption. 

The book is very clearly written and a credit to the translator from the original Polish as well as to the author. The original 
edition was published in 1975 but there have been minor revisions since. The text should both stimulate research and be of 
considerable value in directing the attention of gas chromatographers and analysts to ways in which they might improve their 
techniques. The principal target readership must, however, be those who may be converted to carry out physicochemical 
studies using chromatography in place of, or as well as, more usual techniques. 

K. C. B. WILKIE 
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This book provides a comprehensive treatment of the theory of charged particle activation analysis (CPAA), details of 
particle accelerators and laboratory methodology (excluding counting techniques which are fully documented in the literature 
of neutron activation analysis) and reviews of recent applications of the method. Excitation functions for nuclear reactions 
and the range of charged particles in activated materials are major considerations in CPAA. Considerable attention is given 
to these in the theoretical section, improved data yielding reliable results as evidenced by inter-technique comparisons. CPAA 
complements neutron activation analysis by its ability to determine traces of the light elements, and is mainly applied to the 
analysis of metals and semiconductor materials which can withstand charged particle bombardment. 

Most practical detail provided (including selection of the most appropriate nuclear reaction) is concerned with the 
determination of Li, B, C, N, 0 and heavier elements in such materials, limited examples being provided for geological and 
environmental analyses. Whilst more frequently used methods based on atomic or mass spectrometry now attain comparable 
limits of detection, activation methods avoid reagent blanks, and problems of surface contamination can be eliminated by 
removal of the sample surface before counting-methods for such by grinding or etching are de&bed. Whilst &e 
instrumentation required for CPAA is most likely to be located in national laboratories, access to these can be arranged and 
analysts should be aware of this technique if their interests are aligned to the materials emphasised or if validation of a more 
routine method is sought. For such this volume provides the information required to carry out CPAA, and details of 
applications will also be of interest in laboratories where accelerators are operated. 
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GUI Chromatography in Adsorption and Catalysis: T. PARYJCWK, Ellis Horwood, Chichester, 1986. Pages xvi + 346. U2.50. 

This book is concerned with the study of physicochemical boundary phases. The objectives include the consideration of 
phenomena associated with adsorptive and catalytic processes using gas-solid chromatographic columns as investigative 
tools. The studies reported are not primarily concerned with the customary separation of mixtures or with quantification 
but rather with those factors affecting the characteristics of single peaks. Nonetheless the detailed consideration of factors 
influencing, for example, peak broadening and shape are of value to those carrying out separations and analysis. It has been 
established that the chromatographic method of determining physicochemical constants gives results entirely comparable 
with those obtained more conventionally. 

The topics reported include the nature of adsorption, the heterogeneous surfaces of adsorbents and catalysts, interaction 
of molecules in the adsorbent layer, studies of diffusion processes, the study of catalytic reactions, and microreactor 
techniques. There are also chapters on determinations of the adsorption isotherm, of the specific surface areas of solids, of 
the dispersion and selective surface area of metals etc., of catalyst surface acidity, and of the heat of adsorption. 

The book is very clearly written and a credit to the translator from the original Polish as well as to the author. The original 
edition was published in 1975 but there have been minor revisions since. The text should both stimulate research and be of 
considerable value in directing the attention of gas chromatographers and analysts to ways in which they might improve their 
techniques. The principal target readership must, however, be those who may be converted to carry out physicochemical 
studies using chromatography in place of, or as well as, more usual techniques. 

K. C. B. WILKIE 
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Gas and Liquid Chromatography in Analytical Chemistry: R. M. SMITH, Wiley, Chichester, 1988. Pages xiv + 402. E60. 

Roger Smith, the author of this book, is reader in analytical chemistry at Loughborough University. He has been responsible 
for the organization of many courses on chromatography, not only for full-time students but also for analytical chemists 
from industry and government service. His extensive chromatographic experience in an academic environment has enabled 
him to produce a book which is not only extremely relevant and informative but also very clear and easy to read. 

A descriptive style is adopted with appropriate mathematical relationships restricted to the chapter on basic concepts. 
Equal emphasis is placed on the two main techniques of GLC and HPLC and there is a small chapter on TLC. There are 
also sections, such as the introduction and the chapter on future developments, which cover all chromatographic techniques. 
As expected, instrumentation, columns, detectors, sample preparation and identification are all fully explained. There are 
also chapters on special techniques which include details of derivatization, column switching and chiral separations. 

The diagrams and tables are presented very clearly and I particularly liked Fig. 12.1 which shows the selection of suitable 
liquid chromatographic methods for analytes, depending on their structure and properties. There is also a pertinent reminder 
in the chapter on data handling and automation that integrators are not infallible, especially when peak overlap is present. 

At the end of each chapter there is both a comprehensive bibliography of related texts and a list of references which 
leads the reader on to gain a greater understanding of specific topics. There is also an appendix which includes details of 
the chromatography literature. A second appendix dealing with day-to-day practical problems such as operator errors and 
equipment failure is a welcome addition. The “expert knowledge” contained in this appendix should be incorporated into 
the main body of the next edition of the book. 

P. J. Cox 

Chromatograpbic Enantioseparation: Methods and Applications: S. G. ALLENMARK, Ellis Horwood, Chichester, 1988. 
Pages 224. E38.50. 

The aim of the book is to provide a comprehensive treatment of chiral chromatography. The first three chapters are 
essentially concerned with basic organic stereochemistry and they act along with the fourth chapter, on general 
chromatographic separations, as an introduction to the book’s topic. Chapter 5, on the theory of chiral chromatography 
for direct optical resolution, effectively starts the monograph off on its title theme. This is followed by individual 
chapters on chiral gas chromatography and the more-important and better-used chiral liquid chromatography. Analytical 
applications, covering a multitude of types, e.g., amino-acids, pheromones, barbiturates and enzymatic reactions, and 
preparative-scale enantioseparations are next featured. The author looks into his crystal ball to predict future trends in 
detectors, columns, and to supercritical fluid chromatography in Chapter 10. The last chapter is another useful one dealing 
with experimental procedures for the synthesis of chiral sorbants; details are given there of various preparations, e.g., from 
cellulose triacetates to silica-bound (S)-1-(a-naphthyl)ethylamine. This chapter reflects the importance given to practical 
applications throughout the book. References and bibliographies at the end of each chapter as well as a useful subject index 
further add to the value of the book. 

The last decade or so has seen a rapid development and interest in chiral chromatography and a great increase in the 
knowledge of the requirements for good enantioseparations. However, much still needs to be done. This book should be 
a great help to a variety of scientists, especially those new to the topic; it should also provide stimulation for further progress 
by more established practitioners. 

J. L. WARDELL 

Neurotoxins in Neurochemistry: J. OLIVER DOLLY (editor), Ellis Hoi-wood, Chichester, 1988. Pages 251. E39.95. 

This book is based on 18 lectures given at an International Satellite Symposium on “Neurotoxins as tools in 
Neurochemistry” that was held in La Guaira, Venezuela in June 1987. It forms one of the texts in the series in biotechnology 
and has been produced to the normal high standards. The book is a review of the pharmacological study of toxins which 
interact with the nervous system and many of the contributors are biochemists. 

Studies on neurotoxins from the venoms of snakes, spiders, snails, bees, sponges and fish are covered. The action of 
tetanus, botulinurn neurotoxins and dendrotoxin are examined as well as MPTP in relation to Parkinsonism. The 
importance of the book is based on the need to characterize and study the mode of action, both metabolic and molecular, 
of these toxic molecules in order to improve our understanding of the nervous system. 

The chemistry here is concerned first of all with the isolation of the individual neurotoxin from its biological matrix. 
The techniques mentioned include HPLC, gel electrophoresis and ion-exchange chromatography. The determination of 
structure follows and X-ray crystallography is mentioned as the most appropriate technique. The uptake of the neurotoxin 
is studied by a number of chemical methods. For example, radionuclides such as ‘*‘I and ‘H are used as labels and an assay 
involving fluorescence quenching is reported. Physiological conditions of salt and pH are important to control. 
Electrophysiological techniques are also mentioned, especially in connection with the use of neurotoxins as probes of 
potassium and calcium ion channels. 

Some knowledge of biology/pharmacology is desirable to fully appreciate the contents of this fascinating up-to-date 
account of neurotoxins. An index would have been a useful addition to the book. 

P. J. Cox 
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The aim of the book is to provide a comprehensive treatment of chiral chromatography. The first three chapters are 
essentially concerned with basic organic stereochemistry and they act along with the fourth chapter, on general 
chromatographic separations, as an introduction to the book’s topic. Chapter 5, on the theory of chiral chromatography 
for direct optical resolution, effectively starts the monograph off on its title theme. This is followed by individual 
chapters on chiral gas chromatography and the more-important and better-used chiral liquid chromatography. Analytical 
applications, covering a multitude of types, e.g., amino-acids, pheromones, barbiturates and enzymatic reactions, and 
preparative-scale enantioseparations are next featured. The author looks into his crystal ball to predict future trends in 
detectors, columns, and to supercritical fluid chromatography in Chapter 10. The last chapter is another useful one dealing 
with experimental procedures for the synthesis of chiral sorbants; details are given there of various preparations, e.g., from 
cellulose triacetates to silica-bound (S)-1-(a-naphthyl)ethylamine. This chapter reflects the importance given to practical 
applications throughout the book. References and bibliographies at the end of each chapter as well as a useful subject index 
further add to the value of the book. 

The last decade or so has seen a rapid development and interest in chiral chromatography and a great increase in the 
knowledge of the requirements for good enantioseparations. However, much still needs to be done. This book should be 
a great help to a variety of scientists, especially those new to the topic; it should also provide stimulation for further progress 
by more established practitioners. 

J. L. WARDELL 

Neurotoxins in Neurochemistry: J. OLIVER DOLLY (editor), Ellis Hoi-wood, Chichester, 1988. Pages 251. E39.95. 

This book is based on 18 lectures given at an International Satellite Symposium on “Neurotoxins as tools in 
Neurochemistry” that was held in La Guaira, Venezuela in June 1987. It forms one of the texts in the series in biotechnology 
and has been produced to the normal high standards. The book is a review of the pharmacological study of toxins which 
interact with the nervous system and many of the contributors are biochemists. 

Studies on neurotoxins from the venoms of snakes, spiders, snails, bees, sponges and fish are covered. The action of 
tetanus, botulinurn neurotoxins and dendrotoxin are examined as well as MPTP in relation to Parkinsonism. The 
importance of the book is based on the need to characterize and study the mode of action, both metabolic and molecular, 
of these toxic molecules in order to improve our understanding of the nervous system. 

The chemistry here is concerned first of all with the isolation of the individual neurotoxin from its biological matrix. 
The techniques mentioned include HPLC, gel electrophoresis and ion-exchange chromatography. The determination of 
structure follows and X-ray crystallography is mentioned as the most appropriate technique. The uptake of the neurotoxin 
is studied by a number of chemical methods. For example, radionuclides such as ‘*‘I and ‘H are used as labels and an assay 
involving fluorescence quenching is reported. Physiological conditions of salt and pH are important to control. 
Electrophysiological techniques are also mentioned, especially in connection with the use of neurotoxins as probes of 
potassium and calcium ion channels. 

Some knowledge of biology/pharmacology is desirable to fully appreciate the contents of this fascinating up-to-date 
account of neurotoxins. An index would have been a useful addition to the book. 

P. J. Cox 
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Gas and Liquid Chromatography in Analytical Chemistry: R. M. SMITH, Wiley, Chichester, 1988. Pages xiv + 402. E60. 

Roger Smith, the author of this book, is reader in analytical chemistry at Loughborough University. He has been responsible 
for the organization of many courses on chromatography, not only for full-time students but also for analytical chemists 
from industry and government service. His extensive chromatographic experience in an academic environment has enabled 
him to produce a book which is not only extremely relevant and informative but also very clear and easy to read. 

A descriptive style is adopted with appropriate mathematical relationships restricted to the chapter on basic concepts. 
Equal emphasis is placed on the two main techniques of GLC and HPLC and there is a small chapter on TLC. There are 
also sections, such as the introduction and the chapter on future developments, which cover all chromatographic techniques. 
As expected, instrumentation, columns, detectors, sample preparation and identification are all fully explained. There are 
also chapters on special techniques which include details of derivatization, column switching and chiral separations. 

The diagrams and tables are presented very clearly and I particularly liked Fig. 12.1 which shows the selection of suitable 
liquid chromatographic methods for analytes, depending on their structure and properties. There is also a pertinent reminder 
in the chapter on data handling and automation that integrators are not infallible, especially when peak overlap is present. 

At the end of each chapter there is both a comprehensive bibliography of related texts and a list of references which 
leads the reader on to gain a greater understanding of specific topics. There is also an appendix which includes details of 
the chromatography literature. A second appendix dealing with day-to-day practical problems such as operator errors and 
equipment failure is a welcome addition. The “expert knowledge” contained in this appendix should be incorporated into 
the main body of the next edition of the book. 

P. J. Cox 

Chromatograpbic Enantioseparation: Methods and Applications: S. G. ALLENMARK, Ellis Horwood, Chichester, 1988. 
Pages 224. E38.50. 

The aim of the book is to provide a comprehensive treatment of chiral chromatography. The first three chapters are 
essentially concerned with basic organic stereochemistry and they act along with the fourth chapter, on general 
chromatographic separations, as an introduction to the book’s topic. Chapter 5, on the theory of chiral chromatography 
for direct optical resolution, effectively starts the monograph off on its title theme. This is followed by individual 
chapters on chiral gas chromatography and the more-important and better-used chiral liquid chromatography. Analytical 
applications, covering a multitude of types, e.g., amino-acids, pheromones, barbiturates and enzymatic reactions, and 
preparative-scale enantioseparations are next featured. The author looks into his crystal ball to predict future trends in 
detectors, columns, and to supercritical fluid chromatography in Chapter 10. The last chapter is another useful one dealing 
with experimental procedures for the synthesis of chiral sorbants; details are given there of various preparations, e.g., from 
cellulose triacetates to silica-bound (S)-1-(a-naphthyl)ethylamine. This chapter reflects the importance given to practical 
applications throughout the book. References and bibliographies at the end of each chapter as well as a useful subject index 
further add to the value of the book. 

The last decade or so has seen a rapid development and interest in chiral chromatography and a great increase in the 
knowledge of the requirements for good enantioseparations. However, much still needs to be done. This book should be 
a great help to a variety of scientists, especially those new to the topic; it should also provide stimulation for further progress 
by more established practitioners. 

J. L. WARDELL 

Neurotoxins in Neurochemistry: J. OLIVER DOLLY (editor), Ellis Hoi-wood, Chichester, 1988. Pages 251. E39.95. 

This book is based on 18 lectures given at an International Satellite Symposium on “Neurotoxins as tools in 
Neurochemistry” that was held in La Guaira, Venezuela in June 1987. It forms one of the texts in the series in biotechnology 
and has been produced to the normal high standards. The book is a review of the pharmacological study of toxins which 
interact with the nervous system and many of the contributors are biochemists. 

Studies on neurotoxins from the venoms of snakes, spiders, snails, bees, sponges and fish are covered. The action of 
tetanus, botulinurn neurotoxins and dendrotoxin are examined as well as MPTP in relation to Parkinsonism. The 
importance of the book is based on the need to characterize and study the mode of action, both metabolic and molecular, 
of these toxic molecules in order to improve our understanding of the nervous system. 

The chemistry here is concerned first of all with the isolation of the individual neurotoxin from its biological matrix. 
The techniques mentioned include HPLC, gel electrophoresis and ion-exchange chromatography. The determination of 
structure follows and X-ray crystallography is mentioned as the most appropriate technique. The uptake of the neurotoxin 
is studied by a number of chemical methods. For example, radionuclides such as ‘*‘I and ‘H are used as labels and an assay 
involving fluorescence quenching is reported. Physiological conditions of salt and pH are important to control. 
Electrophysiological techniques are also mentioned, especially in connection with the use of neurotoxins as probes of 
potassium and calcium ion channels. 

Some knowledge of biology/pharmacology is desirable to fully appreciate the contents of this fascinating up-to-date 
account of neurotoxins. An index would have been a useful addition to the book. 

P. J. Cox 
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Qnantitative AnaIysIs by Gas Chmmatography: JOSEF NOVAK, Dekker, New York, 1988. Pages xi + 277. S89.75 (U.S. and 
Canada); $107.50 (elsewhere). 

This book is a revised and expanded version of Volume 5 of the series of monographs in the Chromatographic Science 
series. It is a great pity that the author did not live to see publication of this second edition, but it will serve as a lasting 
memorial to his many contributions to the field of gas chromatography. 

The book is concerned primarily with the theoretical aspects of quantitative chromatographic analysis. Emphasis is placed 
on theories of chromatographic separation and detection and a new classification scheme for detectors is given. Chapters 
on sensitivity, methods of calibration, manual processing of chromatograms and, quantification in trace analysis are 
included. A very informative chapter on automated processing of chromatographic data by Dr P. A. Leceercq is a welcome 
addition. The subject matter of this chapter is treated at a level that most chemists will appreciate. 

The scope of the book is such that no partical examples of “real-life” determinations are given and no mention is made 
of coupling techniques. Only a small percentage of the quoted literature references relates to the 1980s. 

Overall the book is aimed at the experienced chromatographer who wishes to attain a very tinn theoretical basis for all 
aspects of the technique. For example, one chapter contains a consistent set of mathematical definitions extending to 138 
equations. It will be a very useful book for those looking for a competent theoretical treatment of the topic. 

P. J. Cox 

Mkropmceaser AppIieatioas: DONALD STEVENSON and Kntnr MILLER, ACOL Series, Wiley, Chichester, 1987. Pages 
xvi + 574. f44.00 (cloth), El750 (paper). 

This Analytical Chemistry by Open Learning book is not an altogether successful one: it appears to this reviewer that the 
two authors have not managed to achieve a uniform philosophy and method of presentation. The introductory chapter, 
on Microprocessors and Computing Concepts, to me seemed very hard going for a beginner, since it starts with binary 
numbers, proceeds rapidly through hexadecimal and binary-coded decimal to memory addressing. The next section, on 
hardware, was rather better, but the section discussing prog ramming languages dwelt for too long and in too much detail 
on machine code and assembler. Chapter 2 (130 pages), Introduction to Programming, is much more successful; it is a good 
introduction to programming in BASIC for chemists. It appears to have been written with BBC BASIC in mind, although 
the more specialized features of that language are not included, and much advice is offered on the variations that occur 
between dialects of BASIC. I did not like Chapter 3, Microcomputer Interfacing: it seemed to get involved in technical 
minutiae much too quickly, without managing to give any real understanding of the different sorts of tasks that an interface 
may have to perform. Chapter 4, Automated Ion Selective Electrode Measurements, is a case study on interfacing, which 
I feel would only prove useful to the student if the equipment described were available to him. A lot of detailed information 
is included, but not enough to actually set up the electronics of the system from scratch. To me, it seems to be an extremely 
complicated example for a beginner in interfacing. In contrast, Chapter 5, Simple Programs for Curves and Peaks, is a 
nice discussion of data smoothing, peak finding, integration, and related topics; I feel this will be much more useful to the 
student in the long term. Chapter 6 is another case study, On-line Measurements in Atomic Absorption Spectroscopy, but 
in this, the emphasis is more on general principles than on specifics. A detailed program is presented, and I felt this did 
have a definite function as a source from which ideas could be taken, rather than just a solution to a particular problem. 
As in other ACOL books, a lot of space is wasted by leaving blanks for SAQ answers. In this one, there. was a lot of 
additional waste caused by repeating the entire text of each SAQ alongside the answer. The answer section occupies pages 
404-569, and about half of that is taken up by the questions. Another irritation was the occasional appearance of the letter 
0 in place of the number zero: in a computer text that is a rather serious error. The absence of an index is another 
disappointment. 

MARY M-N 

hg Stereahmby AnalytIcal Methods aml PhannacoIogy: edited by I. W. WAINER and D. E. DRAYER, Marcel Dekker, 
New York, 1988. Pages xvi + 376. Sl45.00 (U.S. and Canada), Sl74.00 (elsewhere). 

The present volume is No. 11 in a Clinical Pharmacology series edited by Murray Weiner. It represents the tirst monograph 
where the problem of stereochemically dependent drug action has been treated in depth from many various aspects. In all, 
15 contributions, written by various experts in the field, are collected. 

An introductory section consists of one article describing the history and development of stereochemistry and another 
defining the relevant stereochemical terms and concepts. The following sections are devoted to three main topics, viz. how 
to arrive at stereochemically pure drugs and associated analytical methods, the different fate of drug stereoisomers in 
biological systems with concomitant pharmacological consequences and, finally, various aspects of the use of stereo- 
chemically pure drugs. 

The book illustrates very well how fast new methods for enantiomer separation and for asymmetric synthesis have 
developed, and how these methods are now being used in order to produce and study stereochemically pure drugs. In 
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Qnantitative AnaIysIs by Gas Chmmatography: JOSEF NOVAK, Dekker, New York, 1988. Pages xi + 277. S89.75 (U.S. and 
Canada); $107.50 (elsewhere). 

This book is a revised and expanded version of Volume 5 of the series of monographs in the Chromatographic Science 
series. It is a great pity that the author did not live to see publication of this second edition, but it will serve as a lasting 
memorial to his many contributions to the field of gas chromatography. 

The book is concerned primarily with the theoretical aspects of quantitative chromatographic analysis. Emphasis is placed 
on theories of chromatographic separation and detection and a new classification scheme for detectors is given. Chapters 
on sensitivity, methods of calibration, manual processing of chromatograms and, quantification in trace analysis are 
included. A very informative chapter on automated processing of chromatographic data by Dr P. A. Leceercq is a welcome 
addition. The subject matter of this chapter is treated at a level that most chemists will appreciate. 

The scope of the book is such that no partical examples of “real-life” determinations are given and no mention is made 
of coupling techniques. Only a small percentage of the quoted literature references relates to the 1980s. 

Overall the book is aimed at the experienced chromatographer who wishes to attain a very tinn theoretical basis for all 
aspects of the technique. For example, one chapter contains a consistent set of mathematical definitions extending to 138 
equations. It will be a very useful book for those looking for a competent theoretical treatment of the topic. 

P. J. Cox 

Mkropmceaser AppIieatioas: DONALD STEVENSON and Kntnr MILLER, ACOL Series, Wiley, Chichester, 1987. Pages 
xvi + 574. f44.00 (cloth), El750 (paper). 

This Analytical Chemistry by Open Learning book is not an altogether successful one: it appears to this reviewer that the 
two authors have not managed to achieve a uniform philosophy and method of presentation. The introductory chapter, 
on Microprocessors and Computing Concepts, to me seemed very hard going for a beginner, since it starts with binary 
numbers, proceeds rapidly through hexadecimal and binary-coded decimal to memory addressing. The next section, on 
hardware, was rather better, but the section discussing prog ramming languages dwelt for too long and in too much detail 
on machine code and assembler. Chapter 2 (130 pages), Introduction to Programming, is much more successful; it is a good 
introduction to programming in BASIC for chemists. It appears to have been written with BBC BASIC in mind, although 
the more specialized features of that language are not included, and much advice is offered on the variations that occur 
between dialects of BASIC. I did not like Chapter 3, Microcomputer Interfacing: it seemed to get involved in technical 
minutiae much too quickly, without managing to give any real understanding of the different sorts of tasks that an interface 
may have to perform. Chapter 4, Automated Ion Selective Electrode Measurements, is a case study on interfacing, which 
I feel would only prove useful to the student if the equipment described were available to him. A lot of detailed information 
is included, but not enough to actually set up the electronics of the system from scratch. To me, it seems to be an extremely 
complicated example for a beginner in interfacing. In contrast, Chapter 5, Simple Programs for Curves and Peaks, is a 
nice discussion of data smoothing, peak finding, integration, and related topics; I feel this will be much more useful to the 
student in the long term. Chapter 6 is another case study, On-line Measurements in Atomic Absorption Spectroscopy, but 
in this, the emphasis is more on general principles than on specifics. A detailed program is presented, and I felt this did 
have a definite function as a source from which ideas could be taken, rather than just a solution to a particular problem. 
As in other ACOL books, a lot of space is wasted by leaving blanks for SAQ answers. In this one, there. was a lot of 
additional waste caused by repeating the entire text of each SAQ alongside the answer. The answer section occupies pages 
404-569, and about half of that is taken up by the questions. Another irritation was the occasional appearance of the letter 
0 in place of the number zero: in a computer text that is a rather serious error. The absence of an index is another 
disappointment. 

MARY M-N 

hg Stereahmby AnalytIcal Methods aml PhannacoIogy: edited by I. W. WAINER and D. E. DRAYER, Marcel Dekker, 
New York, 1988. Pages xvi + 376. Sl45.00 (U.S. and Canada), Sl74.00 (elsewhere). 

The present volume is No. 11 in a Clinical Pharmacology series edited by Murray Weiner. It represents the tirst monograph 
where the problem of stereochemically dependent drug action has been treated in depth from many various aspects. In all, 
15 contributions, written by various experts in the field, are collected. 

An introductory section consists of one article describing the history and development of stereochemistry and another 
defining the relevant stereochemical terms and concepts. The following sections are devoted to three main topics, viz. how 
to arrive at stereochemically pure drugs and associated analytical methods, the different fate of drug stereoisomers in 
biological systems with concomitant pharmacological consequences and, finally, various aspects of the use of stereo- 
chemically pure drugs. 

The book illustrates very well how fast new methods for enantiomer separation and for asymmetric synthesis have 
developed, and how these methods are now being used in order to produce and study stereochemically pure drugs. In 
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Advancee io Steroid Analysis ‘87. Proceedings of the Symposium on the Analysis of Steroids, Sopron, Hungary, 20-22 
October 1987: edited by S. G(IR&, Akadkmiai Kiad6, Budapest, 1988. Pages XIII + 584. f33.00. 

This book is a record of the third in a series of symposia held in Hungary and covers the whole spectrum of steroid analysis 
from biochemical methods in clinical analysis (substantial contributions on protein binding and receptor binding studies, 
immunological methods, particularly radioimmunoassay and enzyme immunoassay), through the usual range of chromato- 
graphic techniques, to clinical applications. Determinations of steroid hormones, bile acids, sterols, vitamins D, digitalis 
glycosides, and ecdysones, from a variety of sources, are included. 

,The increasing sophistication of methods of trace analysis displayed in the book suggests that the current preoccupation 
of the sporting world with performance-enhancing drugs will be short-lived, at least if the drugs involved are steroids. The 
athletics buff opening the book at page 293 will obtain direct insight into one method of determination of stanozolol and 
its metabolites in urine. Doubtless there will be more along these lines in subsequent symposia, including applications of 
high-performance liquid chromatography with some of the new deiivatization reactions in combination with fluorescence 
detection methods described in this volume. 

The section on clinical applications is a new departure for this series. Here there is less emphasis upon methodology 
amongst a wide range of topics. These include studies on variations in salivary testosterone levels, analysis of odorous 
16-androstenes, human axillary hair and saliva, control of androgen synthesis in the adrenal gland, age-related changes in 
adrenal androgen secretion, the role of enzyme deficiency in control of androgen levels in adults, and the influence of stress 
upon androgen levels in foetuses. The use of analytical methods in controlling occupational exposure to synthetic steroids, 
and studies on plasma levels of synthetic progestagens and their metabolites in cancer patients, are also discussed. 

The book is commendably uniform in style, considering the large number of contributors, and remarkably free of errors. 
It once. again represents excellent value for money. 

A. B. TWWIER 

Automatic Methods of Analysis: M. VALCARCEL and M. D. LUQUE DE CASTRO, Elsevier, Amsterdam, 1988. Pages xii + 560. 
Dfl. 250.00 

Volume 9 in the Elsevier series ‘Techniques and Instrumentation in Analytical Chemistry’ is a major work on the automation 
of laboratory processes. As the distinction between modern and classical analytical chemistry will become closely related 
to that between automated and non-automated analytical procedures this volume is to be welcomed. 

The text has been produced on high-quality paper in camera-ready copy. Each of the 17 chapters is followed by numerous 
literature references and almost 300 figures are presented. There are essentially four sections in the book. The first describes 
the basic principles of automation and the role of computers in the laboratory. Automation of sampling and sample 
treatment are also covered in this section. Next, automatic continuous analysers are described, based on air-segmented flow, 
and FIA and other automatic unsegmented methods. Separate chapters are devoted to automatic batch analysers and 
robotic techniques. The third section deals with automated analytical instrumentation. Spectroscopic, electroanalytical and 
chromatographic techniques are all covered and several automatic titrators are also described. The last section covers some 
applications of automated analysis in clinical chemistry, environmental pollution monitoring and industrial process control. 

Much of the book is devoted to descriptions of automated systems, with phraseology such as ‘the main elements of this 
automatic assembly are: (a), (b), (c) . . . . etc.’ Some of these descriptions are comparable to the literature produced by the 
manufacturers of the instruments. The impressive amount of information supplied on numerous different systems can 
become somewhat overwhelming. For example some chapters contain several detailed diagrams, on consecutive pages, 
consisting of numerous linked devices seemingly more suitable for engineers than for analytical chemists. But perhaps this 
is a sign of the times and if we are not to treat such systems as “black boxes” we need to make the effort to understand 
not only the underlying chemical principles involved but also the automation process itself. 

Camera-ready copy texts can suffer, as in this case, from variable print density in figures, unusual word-breaking at the 
ends of lines and occasional typing errors (‘determination of a contraceptive in commercial tables’ is unfortunate). 

However, as there is an increasing need for economy, rapidity and precision in analytical chemistry this book will be 
of great interest to all analysts who wish to keep abreast of the automation process. 

P. J. Cox 

Problem Solving in Analytical Chemistry and Solutions Manual T. P. HADJIIOANNOU, G. D. CHRISTUN, C. E. EFSTATHIOU 
and D. P. NIKOLELIS. Pergamon Press, Oxford, 1988. Pages xii + 438; 164 (manual). f 16.00 (for both). 

This is a useful source book of problems in analytical chemistry. The 18 chapters include introductory theory, worked 
examples, and unsolved problems. Answers to odd-numbered problems are given in an Appendix. The topics include: 
statistical treatment of analytical data, balancing of equations, concentrations of solutions, reaction rate and chemical 
equilibrium, equilibria involving weak acids and bases, precipitation, equilibria, complexation equilibria, redox equilibria, 
gravimetry, introduction to titrimetry, acid-base, redox, precipitation and complexometric titrations, potentiometry, 
spectrophotometry, separation methods and chromatography. Tables of equilibrium constants and standard redox 
potentials are included in an Appendix. 

The Solutions Manual gives worked solutions to all the unsolved problems given in the main volume. 

MARY MASSON 
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Mkmemulaioa Systems, Surfactant Science Series, Vol. 24: edited by H. L. ROSANO and M. CLAUSE, Dekker, New York, 
1987. pp. 433 + xix. S99.75. 

This monograph is a collection of 25 papers that were presented at the 59th Colloid and Surface Symposium and 5th 
International Conference on Surface and Colloid Science held at the Clarkson College of Technology in Potsdam, New 
York, in June 1985. The papers are all concerned with phase diagrams of water (or substitute, or saline)/hydrocarbon 
(oil)/one (or more) surfactant systems, with particular attention focused on multicomponent systems that are stable(?), of 
low viscosity, transparent, and isotropic. Attention is also paid to boundary conditions and the redistributions and 
transitions that occur on changes of constitution, composition, and temperature. This monograph makes a significant 
contribution to our ever-increasing knowledge of the structure-composition relationships of (micro)emulsion systems, and 
highlights the need for greater precision in the descriptions and definitions of such systems. 

The experimental tchcniques employed to elucidate phase structure inclue optical and electron microscopy, low-angle 
X-ray and neutron diffraction, Fourier-transform pulsed-gradient spin-echo NMR, ESR, spin-labelling, conductivity, 
viscosity, interface and surface tension, refractometry, and polarography. The standard of the papers is consistently high, 
and the small number of errors does not spoil the overall high quality of the book. 

Academic, medical and industrial scientists using microemulsion systems will find this monograph of great interest: it 
is certainly recommended by this reviewer. 

J. B. CRAIG 
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Qnantitative AnaIysIs by Gas Chmmatography: JOSEF NOVAK, Dekker, New York, 1988. Pages xi + 277. S89.75 (U.S. and 
Canada); $107.50 (elsewhere). 

This book is a revised and expanded version of Volume 5 of the series of monographs in the Chromatographic Science 
series. It is a great pity that the author did not live to see publication of this second edition, but it will serve as a lasting 
memorial to his many contributions to the field of gas chromatography. 

The book is concerned primarily with the theoretical aspects of quantitative chromatographic analysis. Emphasis is placed 
on theories of chromatographic separation and detection and a new classification scheme for detectors is given. Chapters 
on sensitivity, methods of calibration, manual processing of chromatograms and, quantification in trace analysis are 
included. A very informative chapter on automated processing of chromatographic data by Dr P. A. Leceercq is a welcome 
addition. The subject matter of this chapter is treated at a level that most chemists will appreciate. 

The scope of the book is such that no partical examples of “real-life” determinations are given and no mention is made 
of coupling techniques. Only a small percentage of the quoted literature references relates to the 1980s. 

Overall the book is aimed at the experienced chromatographer who wishes to attain a very tinn theoretical basis for all 
aspects of the technique. For example, one chapter contains a consistent set of mathematical definitions extending to 138 
equations. It will be a very useful book for those looking for a competent theoretical treatment of the topic. 

P. J. Cox 

Mkropmceaser AppIieatioas: DONALD STEVENSON and Kntnr MILLER, ACOL Series, Wiley, Chichester, 1987. Pages 
xvi + 574. f44.00 (cloth), El750 (paper). 

This Analytical Chemistry by Open Learning book is not an altogether successful one: it appears to this reviewer that the 
two authors have not managed to achieve a uniform philosophy and method of presentation. The introductory chapter, 
on Microprocessors and Computing Concepts, to me seemed very hard going for a beginner, since it starts with binary 
numbers, proceeds rapidly through hexadecimal and binary-coded decimal to memory addressing. The next section, on 
hardware, was rather better, but the section discussing prog ramming languages dwelt for too long and in too much detail 
on machine code and assembler. Chapter 2 (130 pages), Introduction to Programming, is much more successful; it is a good 
introduction to programming in BASIC for chemists. It appears to have been written with BBC BASIC in mind, although 
the more specialized features of that language are not included, and much advice is offered on the variations that occur 
between dialects of BASIC. I did not like Chapter 3, Microcomputer Interfacing: it seemed to get involved in technical 
minutiae much too quickly, without managing to give any real understanding of the different sorts of tasks that an interface 
may have to perform. Chapter 4, Automated Ion Selective Electrode Measurements, is a case study on interfacing, which 
I feel would only prove useful to the student if the equipment described were available to him. A lot of detailed information 
is included, but not enough to actually set up the electronics of the system from scratch. To me, it seems to be an extremely 
complicated example for a beginner in interfacing. In contrast, Chapter 5, Simple Programs for Curves and Peaks, is a 
nice discussion of data smoothing, peak finding, integration, and related topics; I feel this will be much more useful to the 
student in the long term. Chapter 6 is another case study, On-line Measurements in Atomic Absorption Spectroscopy, but 
in this, the emphasis is more on general principles than on specifics. A detailed program is presented, and I felt this did 
have a definite function as a source from which ideas could be taken, rather than just a solution to a particular problem. 
As in other ACOL books, a lot of space is wasted by leaving blanks for SAQ answers. In this one, there. was a lot of 
additional waste caused by repeating the entire text of each SAQ alongside the answer. The answer section occupies pages 
404-569, and about half of that is taken up by the questions. Another irritation was the occasional appearance of the letter 
0 in place of the number zero: in a computer text that is a rather serious error. The absence of an index is another 
disappointment. 

MARY M-N 

hg Stereahmby AnalytIcal Methods aml PhannacoIogy: edited by I. W. WAINER and D. E. DRAYER, Marcel Dekker, 
New York, 1988. Pages xvi + 376. Sl45.00 (U.S. and Canada), Sl74.00 (elsewhere). 

The present volume is No. 11 in a Clinical Pharmacology series edited by Murray Weiner. It represents the tirst monograph 
where the problem of stereochemically dependent drug action has been treated in depth from many various aspects. In all, 
15 contributions, written by various experts in the field, are collected. 

An introductory section consists of one article describing the history and development of stereochemistry and another 
defining the relevant stereochemical terms and concepts. The following sections are devoted to three main topics, viz. how 
to arrive at stereochemically pure drugs and associated analytical methods, the different fate of drug stereoisomers in 
biological systems with concomitant pharmacological consequences and, finally, various aspects of the use of stereo- 
chemically pure drugs. 

The book illustrates very well how fast new methods for enantiomer separation and for asymmetric synthesis have 
developed, and how these methods are now being used in order to produce and study stereochemically pure drugs. In 
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general, the ~n~butions are well written and relevant to the subject area. As in most rn~ti~utho~ volumes there is 
a certain duplication of facts and loss of subject integrity, but on the whole, the editors have been successful. 

Since three contributions (4-6) deal with chromato~aphi~ separation techniques, it is surprising that practically nothing 
is said about preparative-scale work in this field, despite the great achiev~ents made, particularly by Pirkle and Blaschke. 
The part dealing with chiral liquid chromatography is further limited to the use of biopolymer-based stationary phases, 
which also seems to be a bit unjustified. A final detail: The d, 1 notation, meaning sign of optical rotation, is an old fossil 
which should not appear in a modem text. 

The latter remarks do not, however, overshadow the merits of the book, which should be a most valuable source of 
information to all involved in drug-related disciplines. 

STIQ ALLENMARK 

Measurement, Stat&ties and Comptation: DAVID MCCORMICK and ALAN ROACH, ACOL Se&s, Wiley, Chichester, 1987. 
Pages xx + 760. E44.00 (cloth), E19.50 (paper). 

This book gives a sound introduction to errors in analytical measurements and their treatment by use of statistical methods. 
After an introduction to the concepts of accuracy and precision, the reader is taken, through a discussion of probability 
and estimation of means and standard deviations, to h~~esis testing and a wide range of statistical tests. Regression, 
correlation and quality control are also covered, The main text does not aim to teach computing, but it does make use 
of the computer at every stage to do the necessary statistical calculations. Thus, the reader is always expected to actually 
use the tests rather than ‘ust read about them. Computer listings in BASIC are provided for all the tests, and these have 
been designed so that th y build up into a feral-puck statistical program, which is eventually presented in complete 

s form. There are fewer S Qs in this text than in some other ACOL texts; the reader is asked instead to work carefully though 
each example in the text and, inter alia, check the authors’ arithmetic. Because of the extensive use of computing in this 
text, an introduction to computing for readers with no previous experience is provided by repeating Chapter 2 from 
“Microprocessor Applications” as an Appendix, on pages 65&760. Also included is a very useful selective biblio~aphy, 
with informative comments about all the texts listed. The lack of an index is really the only complaint I have about an 
otherwise excellent book. 

K&tic Asp& of AnaIytieaI (Zbemistry: HORACIO A. MOTIQLA, Wiley-Inter~ien~, New York, 1988. Pages 285. $69.95. 

This carefully edited book ftlls the gap of treatises on kinetic methods of analysis in English open since the release of the 
monographs by Yatsimirskii, and Mark and Rechnitz, in 1966 and 1968, respectively. 

The book contains 11 chapters and it is chiefly aimed at ~st~d~t~; it is therefore didactic in its conception, and 
also highly comprehensible. It deals with all the topics related to kinetic methods, some of which are described more briefly 
than others. Thus, in addition to chapters devoted to catalysed and uncatalysed reactions, effects modifying catalysed 
reactions and differential reaction-rate methods, it includes one dealing with enzymatic reactions, another concerned with 
heterogeneous catalysis (which comprises electrode-catalysed reactions and immobilized enzymes) and a third describing 
instrumentation, the contents of whiih are a little out of balance. On the other hand, it includes an interesting chapter 
devoted to error analysis in kineticbased determinations. 

The book surprisingly includes a chapter devoted to kinetic methods using luminescence detection, which is aiso dealt 
with in the follo~ng chapter concerned with ins~m~tation. Taking into account the book contents, its title is not too 
fortunate, as only this last chapter and Chapter I 1 (kinetic components in several analytical techniques or steps in analysis), 
respond to what would be expected from it. 

The literature references are not too abundant, and this might detract somewhat from its interest to specialists, yet, the 
book is an a~omplish~ work as a whole, a long-needed, timely and brilliant contribution to kinetics within the current 
context of analytical chemistry. 

D. ~-BENDIX 
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ANNOUNCEMENT 

IUPAC ANALYTICAL CHEMISTRY DIVISION 

COMMISSION ON ENVIRONMENTAL ANALYTICAL CHEMISTRY 

A NEW COMMISSION OF THE INTERNATIONAL UNION OF PURE AND 
APPLIED CHEMISTRY, FOR THE CHEMICAL AND 

PHYSICO-CHEMICAL CHARACTERIZATION OF ENVIRONMENTAL SAMPLES 
AND THE ASSESSMENT OF THE CORRESPONDING METHODOLOGIES 

In solving today’s environmental problems, one of the most important challenges to Analytical Chemistry 
is to unravel the extreme chemical and physical complexity of the different environmental compartments and 
their interconnections. It is more and more realized that the determination of the global parameters, such as 
total concentrations or physico-chemical average “constants”, can only be a first step in the correct 
representation of environmental properties. In order to obtain more refined information and to get closer to 
true analyses of environmental systems, new approaches must be found. In this respect, one possibility is the 
combination of several analytical methods with complementary “windows” to increase the information 
content of the resulting data. Another is the use of sophisticated mathematical procedures (e.g., Fourier 
techniques, or artificial intelligence methods) to extract the detailed information that is sometimes hidden in 
average signals produced by classical analytical techniques. Although there is still a lot of work to be done 
in this area, the current trends and intensity of activities in analytical chemistry, and its wide connections with 
other scientific fields (biology, physics, mathematics) the expectation that substantial progress will be made 
in the near future. Another important limitation to our understanding of environmental processes is related 
to the very large number of factors by which they may be affected and the fact that their relative importance 
is often ill- or non-evaluated. For a large part, this is also an analytical problem in the broad sense because 
such evaluations are presently made difficult by the existence of many, still ill-defined, artefacts in 
methodologies, and the lack of critical compilations of data. 

Considering the urgent character of many environmental problems the new IUPAC Commission on 
Environmental Analytical Chemistry will deal with: 

(1) the identification of (i) qualitative factors which control the state and dynamics of environmental 
compartments, and (ii) physico-chemical parameters which enable their quantitative characterization; 

(2) the compilation of numerical values available for the parameters mentioned under (1); 
(3) the critical evaluation and standardization of the relevant current methodologies; 
(4) the development of standardized procedures to validate and interpret experimental data in terms of sound 

physico-chemical parameters; 
(5) the identification of future conceptual and methodological needs. 

The general goal of the commission’s activities is to provide society (government, industry) with the relevant 
chemical information necessary to take proper decisions about quality control of the environment. 

Because environmental chemistry is an undissociable part of a very broad interdisciplinary field, the 
Commission of Environmental Analytical Chemistry has been given a structure as flexible as possible, 
including the following, 

A so-called steering group, each member of which is competent for a particular environmental compartment 
and in charge of promoting and harmonizing the corresponding projects. They will also participate in 
specific projects. The present composition of this steering group is: 

J. Buffle -chairman and co-ordinator for freshwaters and sediments 
H. P. van Leeuwen-secretary, and expert in physical and colloid chemistry 
D. Klockow -co-ordinator for the atmosphere 
J. Tarradellas -co-ordinator for soils 

i 
TAL 36,t-G 



ii ANNOUNCEMENT 

A. Zirino -co-ordinator for oceans 
J. Jordan -adviser from the Analytical Division Committee 

A number of members who are willing to prepare specific projects (recommendations, critical compilations, 
etc.). They are invited from the international community, on the basis of their excellence in their particular 
field, without limitation on the nature of their expertise (e.g., biologists and physicists are as welcome as 
analytical chemists for problems where their competence is needed). To allow a maximum of exchange of 
expertise inside the Commission, any membership lasts only for the duration of the corresponding project, 
but may be renewed for a new project. 

The Commission on Environmental Analytical Chemistry has provisionally reviewed the general factors and 
processes that control the various environmental compartments. On this basis, and taking into account the 
topics for which evaluation of concepts and methodologies is particularly urgent, it has listed its “Principal 
Activities” for the coming years, as listed in the table below. Problems related to particle sampling, 
characterization and behaviour are currently considered as the most important, for all the environmental 
compartments. A common general program, entitled “Sampling and characterization of environmental 
particles” has therefore been started. This will include a number of specific projects discussing critically, for 
each compartment: 

-the nature, behaviour and interactions of the most important particles and colloids 
-the experimental methods for measuring the relevant properties or reactions 
-the methods for the interpretation of the data 
-the values and meaning of the parametrs reported in the literature 

The goal of the Commission is that all the specific projects of the programme should be as harmonized as 
possible amongst the various compartments. Publication of the resulting documents is intended to be in 
accordance with these intentions, in the form of comprehensive accounts. For instance thematic monographs 
will be preferred to separate publications. 

The success of the Commission’s activities will depend primarily on the co-operative dynamism and open- 
mindness of many experts in the field. We therefore appeal to the environmental scientt@ community to support 
its work, either by direct co-operation in specific projects, or by reacting positively to requests for data or any 
other information. In any case, suggestions and/or comments about these intentions are most welcome. 

J. BUFFLE, Chairman H. P. VAN LEEUWEN, Secretary 
Department of Inorganic, Analytical Laboratory for Physical and Colloid 
and Applied Chemistry, Sciences II, Chemistry, Wageningen Agricultural 

30 quai E. Ansermet, 1211 Geneve 4, University, Dreijenplein 6, 
Switzerland 6703 HB Wageningen, The Netherlands 

COMMISSION ON ENVIRONMENTAL ANALYTICAL CHEMISTRY 

PRINCIPAL ACTIVITIES 

(Each topic cited below will include a number of specific projects) 

I-PROBLEMS RELATED TO PARTICLES AND COLLOIDS 

l-Characterization of non-living particles and colloids 
-sampling and pretreatment 
-“particulate” vs. “non-particulate” material: definition and methods of measurements 
-size distribution of particles and colloids 
-charge, porosity, degree of hydration of particles and colloids 
-chemical nature of particles (bulk, surface, degree of chemical and physical homogeneity) 
-molecular nature of species adsorbed on or included in particles 

2-Kinetic and equilibrium aspects of exchange reactions on non-living particles and colloids (complex- 
ation, adsorption, acid-base effects) 
-methods of study 
-modes of data interpretation 
-meaning and compilation of relevant physico-chemical parameters 
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3-Processes related to the transfer of matter by particles and colloids 
-sedimentation rates of particles and colloids 
-dissolution-precipitation reactions (SiO,, CaCO,, Fe and Mn oxides, clays, mineralization of organic 

debris): mechanisms and methods of study 
-transfer by wet deposition in the atmosphere: methods for collecting samples and analysis of organics. 

4-Role of living particles (plankton and bacteria) 
-physico-chemical characterization of cell walls and plasmalemma 
-adsorption and uptake, methods of study 
-toxicity and beneficial effects of particular species 

II-TRANSFER OF MATTER AT INTERFACES 

5-Air-water interface studies and methodology 
-methods of sampling and analysis of films 
-gas-exchange processes 
-aerosol formation 
-in-cloud and out-of-cloud processes 

6-Transfer by molecular and eddy diffusion, and biological processes 
-methods of measurements 
--comparison and interpretation of data 

7-Transfer between saturated and non-saturated zones of soils 
-definition of the interface 
-methods of study of the related processes 

III-OTHER PROBLEMS 

g-Factors affecting biological productivity: methods and interpretation 

9-Speciation of soluble compounds by specific analysis of species (organic compounds, N- and 
P-containing compounds, organometallic species) 

IO-Speciation of soluble compounds by kinetic and equilibrium studies of exchange reactions: metal 
complexation, acid-base, interactions between organics 
-methods of study (in particular free metal ions) 
-modes of data interpretation 
-meaning and compilation of relevant physico-chemical parameters 

1 I-Redox processes and eutrophication 
-rates and mechanisms of redox processes 
-methods of measurements of organic and inorganic compounds formed in these processes 
-redox potential measurements and interpretation. 
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Dr Robert (Bob) A. Chalmers, who has been Editor-in-Chief of TALANTA for twenty-three years retired 
as Editor-in-Chief effective December 31, 1988. Dr Gary Christian of the Department of Chemistry, 
University of Washington, Seattle and Professor David Littlejohn of the Department of Pure and Applied 
Chemistry, University of Strathclyde, Glasgow now share the Editorial duties starting January 1, 1989. Bob 
has been a tireless editor of this journal reviewing all submitted manuscripts, checking calculations and 
references, checking experimental results in some cases, and extensively editing many of the manuscripts. He 
has maintained a high standard for Tulunfu over the years. Bob will remain active with Talanta after Jamiary 
1, 1989 by being the Consulting Editor as well as a member of the Editorial Board. As Chairman of the 
Editorial and Advisory Boards, I wish to thank Bob for his almost su~rhuman efforts for T~~tu. His “act” 
will be a hard one to follow even with two co-editors. Fortunately, the future of the journal is in excellent 
hands with the selection of our two-editors, Gary Christian and David Littlejohn. I certainly wish Bob 
Chalmers the best in his “retirement” and look forward to our continued interactions with Tulanfa through 
his efforts on the Editorial Board. i’klantu has become a fine international journal largely through the 
extensive efforts of Bob Chalmers, and I am delighted to write this editorial recognizing Bob for his work 
of love. 

J. D. Wtmwoaor+ma 
Chairman of Editorial Board 

This issue of Tu~~ta marks the end of an era for the journal. Bob Chalmers, after twenty-three years of abIe 
stewardship, has decided to *‘retire”, and we take over his duties as joint Editors-in-Chief. The journal was 
started in August 1958, at the urging of Ronald Belcher, with Cecil Wilson serving as the first Editor-in-Chief, 
until his retirement in 1965. Maurice Williams served a short stint in 1965 as Editor-in-Chief until being 
appointed Journals Manager at Pergamon Press, and Bob Chalmers was appointed in January, 1966. Hence, 
this has been “his journal” for threequarters of its existence. 

We are stepping into some mighty big shoes and it will surely take the two of us to fill them. Bob devoted 
an incredible amount of time and energy to the journal and we will do our best to follow his example. 
Fortunately, for us, he will remain on board as Consulting Editor, as well as a member of the Editorial Board. 

Under Bob Chalmers’ leadership, Tulantu has grown and become one of the foremost analytical chemistry 
journals in the world. Our goal, of course, is to maintain that leadership and to attract even more first rate 
authors as regular contributors, particularly from the west side of the Atlantic, as well as from Western 
Europe. At present, only some three to four dozen papers per year are publish from the U.S. Given the 
leading role of U.S. researchers, we think this number should be increased. The U.S.A. Honor Issue published 
just last month hopefully lays the ground work for a start in that direction. 

We look forward in the years to come in serving the journal and the world’s analytical community. As 
mentioned in Bob Chalmers’ editorial of Vol. 35, No. 12, manuscripts from North and South America, Japan, 
China, Australia, India and other countries in that half of the world should be sent to Gary Christian and 
those from Europe, the Middle East and Africa should be sent to David Littlejohn, although either of us will 
handle any manuscripts received. Also, as noted in that editorial, only papers written in English will be 
considered for publication. 

GARY D. CHRISTIAN, Seattle 
DAVID LITTLEJOHN, Ghgow 

I 



II EDITORIALS 

DR GARY D. CHRISTIAN received his B.S. degree in 1959 from the University of Oregon and Ph.D. degree 
from the University of Maryland in 1964. He was a research analytical chemist at the Walter Reed Army 
Institute of Research from 1961 to 1967. He joined the University of Washington as Professor of Chemistry. 
Christian’s research interests include electroanalytical chemistry, new ion selective electrodes, atomic 
spectroscopy, fluorimetry, clinical chemistry, immunochemical techniques, process analysis, and flow injection 
analysis. He is the author of over 200 papers and has authored books on atomic absorption spectroscopy, 
trace analysis, analytical chemistry and instrumental analysis, as well as an ACS shortcourse on atomi,c 
absorption spectroscopy. He was a Fulbright Scholar at the Universite Libre de Bruxelles in 1978-79, and 
was an Invited Professor at the University of Geneva in 1979. He was the 1988 recipient of the ACS Division 
of Analytical Chemistry Award for Excellence in Teaching. He has served on the Instrumentation Advisory 
Panel and the Advisory Board of Analytical Chemistry, and presently serves on the boards of The Analyst, 
Talanta, Analytical Letters, Analytical Instrumentation, Canadian Journal of Spectroscopy, CRC Critical 
Reviews in Analytical Chemistry, and Electroanalysis. He is a past chairman of the Puget Sound Section of 
ACS, which hosted the national ACS meeting during his tenure in 1983, and of the Pacific Northwest Section 
of SAS. He is Chairman-Elect of the Division of Analytical Chemistry of the ACS. He currently chairs the 
Subcommittee on Analytical Chemistry of the ACS Examination Committee, is a member of the Committee 
of Examiners for the Chemistry Test of the Graduate Record Examinations, a member of the Chemistry 
Screening Committee of the Council for International Exchange of Scholars, and served as a member of the 
Bioanalytical Biometallic Study Section of NIH. He is a number of the ACS, SAS, Spectroscopy Society of 
Canada, and Society for Electroanalytical Chemistry. He has served on and chaired numerous committees 
in the ACS and SAS. 

GARY D. CHRISTIAN 
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PROFBSOR DAVID LI~LEIOHN was educated at the University of Strathclyde, Glasgow obtaining a BSc First 
Class Honours Degree in 1975 and a Ph.D in Analytical Chemistry in 1978. Following a period of 
approximately two and a half years working for ICI Petrochemicals Division, Wilton, Middlesborough, he 
returned to Strathclyde in 1981 to take up the Pye Foundation Lectureship in Analytical Chemistry. He was 
appointed as a Senior Lecturer in early 1988 and became the first incumbent of the Philips Chair of Analytical 
Chemistry in August 1988. He is a member of the Royal Society of Chemistry (CChem MRSC) and the Society 
of Applied Spectroscopy. In 1987 he was awarded the Royal Society of Chemistry 15th SAC Silver Medal 
for contributions to analytical chemistry. He is heavily involved in the teaching of analytical chemistry at both 
undergraduate and postgraduate level at the University of Strathclyde and has research interests in a wide 
variety of fields including atomic spectrometry, X-ray fluorescence, electroanalytical chemistry, ion chro- 
matography, HPLC and radioanalytical techniques. He has published over 70 papers. He is married and his 
wife Lesley is also an analytical chemist with interests mainly in chromatography. 

DAVID LITTLEJOHN 
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Developments in Solvent Extraction: S. ALEGRET, Pages 221. f30.00. 

This book reviews solvent extraction from the viewpoints of analytical chemistry, physical chemistry, hydrometallurgy, 
chemical engineering and nuclear chemistry. 

The introductory chapter gives a brief introduction to solvent extraction in analytical chemistry, emphasizing the dramatic 
development in solvent extraction in the last quarter of a centuary. The next few chapters deal with theoretical aspects, 
thermodynamics, kinetics and graphical treatment of solvent extraction. Two excellent chapters, on liquid-liquid extraction 
in continuous flow analysis and solvent extraction using supported liquid membranes, give a good insight into future areas 
of development. The final chapters deal with applications of solvent extraction in industry. 

The book gives a good review of the practical and theoretical aspects of solvent extraction, by well known experts in 
this field of study. The book is based on an International School of Solvent Extraction held in Barcelona. 

HILARY SMITH 

Analytical Aspeeta of Drug Testing: DALE G. DEUTXH (editor), Wiley, New York. 1989. Pages xvi + 304. 

This book is volume 100 in a series of monographs on “Analytical Chemistry and its Applications”. It consists of 11 
chapters, with supporting references, by different authors dealing with various aspects of the determination of drugs in body 
fluids. The authors are all based in institutes (e.g., university medical schools) in the U.S.A. and they describe state of the 
art techniques in analytical toxicology. The two main aspects of toxicology presented concern either the assay of a single 
known drug as in patient care, or screening for a large number of possible drugs as in substance abuse testing. 

The first chapter on quality assurance describes various standard operating procedures that need to be followed to obtain 
good quality results. Some explicit procedures are directed to practice solely in the U.S.A. but the inclusion of such a chapter 
is important to all toxicologists, as sophisticated analytical technology by itself cannot guarantee reliable results. The last 
chapter describes the pitfalls and problems of drug testing. This includes such factors as common interferents, 
misidentification, confirmation testing, proficiency testing and specificity of chromatographic methods. 

The remaining nine chapters contain very relevant and up-to-date information on immunoassays (EMIT method), 
chromatography (especially HPLC), GC/MS and dry reagent chemistry. There is a drug profile on cocaine, which is very 
relevant owing to increasing concern about the use of “crack”, and there is a chapter on screening for anabolic steroids 
by GC/MS. 

The information presented ranges from the basic pharmacology of drugs of abuse (amphetamines, barbiturates, 
benzodiazepines, cannabinoids, opiates etc.) through schematic diagrams of HPLC/MS interfaces to the WilliamsClapper 
transformation, which is a mathematical treatment of the calorimetric changes produced on a dry reagent test slide as 
monitored by a reflectance densitometer. Other relevant details presented include library search routines for matching mass 
spectra and the use of bonded phases in sample preparation. The ever increasing use of HPLC in drug screening is given 
appropriate treatment, including the use of microcolumns, diode-array detectors and automated searching routines. 

I could not find any mention of plasma emission spectroscopy, emission spectroscopy, voltammetry or neutron activation 
analysis in the book. The dust cover proclaims that such techniques are included but they are absent from both the index 
and the text. What is presented is certainly of great interest and is to be recommended. 

P. J. Cox 
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Analysis-What Analytical Chemists Do: JULIAN TYSON, Royal Society of Chemistry, London, 1988. Pages xiii + 186, f9.95. 

A good clear introduction to analytical chemistry, clearly written for anyone with no prior knowledge of chemistry. The 
book is not designed as a textbook but rather an insight into analytical chemistry. Not only does the book cover analytical 
chemistry, but it links other aspects of chemistry necessary in the understanding of analysis. The basic aspects are covered 
and further study is assisted through references at the end of each chapter. The first chapter explains the applications of 
analytical chemistry in everyday life, while later chapters deal with the instrumentation commonly encountered. Final 
chapters deal with the problems faced in analysis. 

HILARY SMWH 

Ktnetk Metheds in Analytical Chemistry: D. PEREZ-BENDITO and M. SILVA, Ellis Horwood, Chichester, 1988, Pages 330. 
f49.50. 

Reaction-rate methods of analysis have until recently suffered somewhat from the strict requirements placed on time and 
temperature control. The inherent nature of dynamic systems also calls for high precision and sensitivity in the measurement 
of instrumental parameters. Another important factor in the development of kinetic methods is knowledge of the reaction 
mechanism, as this determines the most suitable working conditions. As our knowledge of chemical processes expands and 
instrument design improves, this group of analytical teohniques becomes more important and more applicable to real 
samples. This book therefore is a timely addition to the literature as it fills an important gap in reporting recent (up to 
1987) developments. 

All relevant aspects of kinetic methods are mentioned and the appropriate mathematical background is fully covered. 
The analysis of both single species and mixtures is described under sections on catalysed and uncatalysed reactions. Many 
different methodologies are mentioned and extensive references are made to the literature. Indeed throughout the book there 
are exhaustive compilations of relevant determinations. 

Activation and inhibition, catalytic titrations and differential reaction-rate methods are thoroughly explained in separate 
chapters. The section on instrumentation deals with developments in computer-aided automation. The important flow 
techniques (e.g., continuous-flow, stopped-flow) are also covered in this section. The concluding chapters contain useful 
information on factors affecting sensitivity, selectivity, accuracy and precision. The scope of applications in environmental 
chemistry, industrial chemistry, pharmacy erc. is also emphasized. Many important topics such as pseudo first-order kinetics 
are mentioned in several different chapters and in this respect the index is excellent. 

The authors have achieved their aim of producing both a textbook and an up-to-date reference book which will be 
beneficial to all those with an interest in reaction-rate methods. 

P. J. Cox 
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general, the ~n~butions are well written and relevant to the subject area. As in most rn~ti~utho~ volumes there is 
a certain duplication of facts and loss of subject integrity, but on the whole, the editors have been successful. 

Since three contributions (4-6) deal with chromato~aphi~ separation techniques, it is surprising that practically nothing 
is said about preparative-scale work in this field, despite the great achiev~ents made, particularly by Pirkle and Blaschke. 
The part dealing with chiral liquid chromatography is further limited to the use of biopolymer-based stationary phases, 
which also seems to be a bit unjustified. A final detail: The d, 1 notation, meaning sign of optical rotation, is an old fossil 
which should not appear in a modem text. 

The latter remarks do not, however, overshadow the merits of the book, which should be a most valuable source of 
information to all involved in drug-related disciplines. 

STIQ ALLENMARK 

Measurement, Stat&ties and Comptation: DAVID MCCORMICK and ALAN ROACH, ACOL Se&s, Wiley, Chichester, 1987. 
Pages xx + 760. E44.00 (cloth), E19.50 (paper). 

This book gives a sound introduction to errors in analytical measurements and their treatment by use of statistical methods. 
After an introduction to the concepts of accuracy and precision, the reader is taken, through a discussion of probability 
and estimation of means and standard deviations, to h~~esis testing and a wide range of statistical tests. Regression, 
correlation and quality control are also covered, The main text does not aim to teach computing, but it does make use 
of the computer at every stage to do the necessary statistical calculations. Thus, the reader is always expected to actually 
use the tests rather than ‘ust read about them. Computer listings in BASIC are provided for all the tests, and these have 
been designed so that th y build up into a feral-puck statistical program, which is eventually presented in complete 

s form. There are fewer S Qs in this text than in some other ACOL texts; the reader is asked instead to work carefully though 
each example in the text and, inter alia, check the authors’ arithmetic. Because of the extensive use of computing in this 
text, an introduction to computing for readers with no previous experience is provided by repeating Chapter 2 from 
“Microprocessor Applications” as an Appendix, on pages 65&760. Also included is a very useful selective biblio~aphy, 
with informative comments about all the texts listed. The lack of an index is really the only complaint I have about an 
otherwise excellent book. 

K&tic Asp& of AnaIytieaI (Zbemistry: HORACIO A. MOTIQLA, Wiley-Inter~ien~, New York, 1988. Pages 285. $69.95. 

This carefully edited book ftlls the gap of treatises on kinetic methods of analysis in English open since the release of the 
monographs by Yatsimirskii, and Mark and Rechnitz, in 1966 and 1968, respectively. 

The book contains 11 chapters and it is chiefly aimed at ~st~d~t~; it is therefore didactic in its conception, and 
also highly comprehensible. It deals with all the topics related to kinetic methods, some of which are described more briefly 
than others. Thus, in addition to chapters devoted to catalysed and uncatalysed reactions, effects modifying catalysed 
reactions and differential reaction-rate methods, it includes one dealing with enzymatic reactions, another concerned with 
heterogeneous catalysis (which comprises electrode-catalysed reactions and immobilized enzymes) and a third describing 
instrumentation, the contents of whiih are a little out of balance. On the other hand, it includes an interesting chapter 
devoted to error analysis in kineticbased determinations. 

The book surprisingly includes a chapter devoted to kinetic methods using luminescence detection, which is aiso dealt 
with in the follo~ng chapter concerned with ins~m~tation. Taking into account the book contents, its title is not too 
fortunate, as only this last chapter and Chapter I 1 (kinetic components in several analytical techniques or steps in analysis), 
respond to what would be expected from it. 

The literature references are not too abundant, and this might detract somewhat from its interest to specialists, yet, the 
book is an a~omplish~ work as a whole, a long-needed, timely and brilliant contribution to kinetics within the current 
context of analytical chemistry. 

D. ~-BENDIX 
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NOTICE 

THE THIRD INTERNATIONAL MEETING ON CHEMICAL SENSORS 

will be held at 
L’Hotel in downtown Toronto, (Ontario, Canada) 

l-5 October 1989 

For information contact 
Ms. Daniela Muhling at 416-978-3575 

or write to 
Professor M. Thompson/Professor U. J. Krull 

Department of Chemistry 
University of Toronto 
80 St. George Street 

Toronto, Ontario 
Canada 
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NOTICE 

INTERNATIONAL CONFERENCE ON NEW TRENDS IN LIQUID 
SCINTILLATION COUNTING AND ORGANIC SCINTILLATORS 

GATLINBURG, TENNESSEE 

2 October 1989 

The Analytical Chemistry Division of the Oak Ridge National Laboratory and the Center for Applied Isotope 
Studies of the University of Georgia are co-sponsoring an International Conference on New Trends in Liquid 
Scintillation Counting and Organic Scintillators. The conference will be held 2-5 October 1989 in Gatlinburg, 
Tennessee at the Park Vista hotel. Along with the conference, there will be a major equipment exhibition that 
will include the latest instrumentation for liquid scintillation counting from all the major equipment 
manufacturers and displays of related counting equipment, chemicals, and supplies. 

Technical sessions are planned on sample preparation techniques, unusual instrument hardware, including 
small computers, data-handling algorithms and software, new fluors for liquids and solids, heterogeneous 
counting, flow counting applications, alpha counting, in-line process measurements, and sample disposal and 
other environmental concerns. Submitted papers will be refereed and the proceedings will be published as a 
hard-bound volume. Persons interested in attending the conference and/or presenting a paper concerned with 
the above areas should contact: 

Dr. Harley Ross Dr. John Noakes and Dr Jim Spaulding 
Analytical Chemistry Div. Ctr. for App. Isotope Studies 
Oak Ridge National Lab or University of Georgia 
P.O. Box 2008 120 Riverbend Road 
Oak Ridge, TN 37831-6375 Athens, GA 30605 

FAX: 615-574-4902 FAX: 404-542-6106 

. . . 
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NOTICES 

FIRST CHANGCHUN’ INTERNATIONAL SYMPOSIUM 
ON ANALYTICAL CHEMISTRY 

Changchun, P. R. China, 7-l 1 August 1990 

The First Changchun International Symposmm on Analytical Chemistry will provide a maJor forum for 
academic exchange on analytical chemistry Key developments m the field will be highhghted by 10 world 
renowned invited plenary speakers, these will be supported by contributed presentations from delegates m 
daily sessions devoted to such broad topics as atomic spectroscopy, automatic analysis, hoanalytical 
chemistry, chemometncs, chromatography, chmcal chemistry and drug analysis, electroanalytical chemistry, 
environmental analysis, food analysis, magnetic resonance spectroscopy, mass spectroscopy, molecular 
spectrometry, surface analysis, teaching and education m analytical chemistry, trace analysis, X-ray 
spectrometry, and so on 

There will be an exhibition of modern analytical mstrumentation. A full social programme is also arranged 
to complement the symposium agenda 

The symposmm is sponsored by the State Education Commission of China, the Chinese Academy of 
Sciences and the Chinese Chemical Society and organized by John University and Changchun Institute of 
Applied Chemistry of the Chinese Academy of Sciences For further mformation and registration forms please 
contact 

Professor QINHAN JIN 
Department of Chemistry 
John University 
Changchun, John 130021 
P R Chma 

FREE RADICALS IN BIOTECHNOLOGY AND MEDICINE 

An International Symposmm on Free Radicals m Biotechnology and Medicine and relating to the analytical 
determmation of free radicals will be held at the Scientific Societies’ Lecture Theatre, Savde Row, London, 
on Wednesday 7 February 1990 Details from Miss P E Hutchmson, Secretary, The Analytical Division, The 
Royal Society of Chemistry, Burlington House, London WlV OBN 

THE 41ST PITTSBURGH CONFERENCE & EXPOSITION ON 
ANALYTICAL CHEMISTRY AND APPLIED SPECTROSCOPY 

5-9 MARCH, 1990 

Exposition-5-8 March, 1990 

The Jacob K. Javlts Convention Center, New York, New York, USA 

Papers m the followmg categories will be presented 

Methodology Application 

1 Atomic Spectroscopy A Chemistry Research 
2 Computers/LIMS B. Environmental 
3 Electrochemistry C. Food 

111 
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4 Gas Chromatography 
5 High Energy Photon and Particle Spectroscopy 
6. Liqutd Chromatography 
7 Magnetic Resonance 
8 Mass Spectrometry 
9 Sample Handlmg/Automation 

10 Supercntical Fluid Separations 
11 Thermal Analysis 
12 UV-VIS Absorbance/Lummescence 
13 Vibrational Spectroscopy 
14 Other Separations 
99 Other 

D Process Chemistry 
E Instrument Development/Improvement 
F Life Sciences 
G Material Characterization 
H Fuels & Energy 
J. Forensic 
K. Chmcal/Toxicology 
L Industrial Hygiene 
2. Other 

REGISTRATION, HOUSING, EMPLOYMENT BUREAU, and ACTIVITIES mformatton will be m- 
eluded m the 1990 Pittsburgh Conference UPDATE which ullll be mailed m October 1989. If you are not 
on the mathng hst please wnte 

PITTSBURGH CONFERENCE 
DEPT CFP 
300 Penn Center Blvd., Suite 332 
Pittsburgh, PA 15235 U S A 
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FOREWORD 

The Publisher and Editorial Board of Tulanru take special pleasure in presenting this U.S.A. Honor Issue. 
Of the thirteen such special issues that appeared earlier, five were associated with countries and the other eight 
with persons. Of these, no fewer than five were in homage to the work of United States research workers 
in analytical chemistry: H. H. Willard in 1961, I. M. Kolthoff in 1964, G. F. Smith in 1966, H. Diehl in 1980 
and H. Freiser in 1985. In view of the leading role played by American research workers in world analytical 
chemistry, it is particularly fitting that this should be the largest of the Honor Issues, and that the year of 
its appearance should also see the first award of the Talanta Medal to an American chemist (H. A. Laitinen). 

This is the first issue of Takznfu to appear in its new era under the future editorship of an American-Scottish 
team, of Gary Christian at the University of Washington and David Littlejohn at the University of 
Strathclyde. They could not ask for a better start to their custodianship of the journal, and it is to be hoped 
that ~ont~butions of the caliber of those in this issue will flow as abundan~y, from both sides of the Atlantic 
and Pacific. 

The issue is also a tribute to the energy and ability of its organizer, Gary Christian, to whom the Publisher 
and Editorial Board extend their thanks. The future of the journal indeed seems assured under its new 
leadership. 

R. A. CHALMERS 

IX 
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NOTICES 

XVth CONGRESS AND GENERAL ASSEMBLY 

INTERNATIONAL UNION OF CRYSTALLOGRAPHY 
Bordeaux, 19-28 July 1990 

You are cordially invited by the “Association FranGaise de Cristallographie” and the “Acadkmie des Sciences” 
to attend the XVth Congress and General Assembly of the International Union of Crystallography to be held 
at the University Bordeaux I from July 19th to 28th, 1990. The opening ceremony is planned for the afternoon 
of July 19th and will be followed by a visit to the Mude d’Aquitaine. A Congress excursion is to take place 
in the Bordeaux vineyards. The University campus, located in Talence, is situated 5 km from the centre of 
Bordeaux. Up to 800 participants can be accommodated in a residential village on the Campus. There are 
camping facilities at about 40 km from the Congress site. 

SCIENTIFIC PROGRAMME 

The scientific programme will include invited lectures, microsymposia and poster sessions. In addition, as an 
experiment, discussion sessions following poster sessions will be organized in certain cases. The list of topics 
and categories for submission of papers will be revised and will include the microsymposia topics. 

ADDRESS FOR CORRESPONDENCE 

XVth IUCr CONGRESS 
Laboratoire de Cristallographie 
UniversitC Bordeaux I 
351, tours de la Ligration 
33405 TALENCE cedex 05 
FRANCE 

EXHIBITIONS 

Commercial and non-commercial apparatus, books and software demonstrations, will be exhibited during the 
Congress in the same hall as the posters. 

SATELLITE MEETINGS 

1. Short Range Order in Ill Ordered Material 
Orsay (near Paris): 1618 July 1990 
Organizing: Dr D. Raoux, 
Lure, Bat.209C, F-91405 Orsay 
Programme: Dr A. Delapalme 

2. Powder Diffraction 
Toulouse: 16-18 July 1990 
Organizing: Dr J. Galy, Chimie de Coordination-CNRS, 
205, route de Narbonne, F-31400 Toulouse 
Programme: Prof. R. A. Young 

3. Complementary Applications of Diffraction by Neutrons and by X-Ray Synchrotron Radiation 
Alpe d’Huez (near Grenoble): 29-31 July 1990 
Organizing: Dr M. Marezio, Cristallographie, 
CNRS BP 166, X, F-38042 Grenoble cedex 
Programme: Dr C. Vettier 

4. Symmetry in Physical Space and in Superspaces: Quasicrystals, Incommensurate Phases. . . 
Chatenay-Malabry (near Paris): 29-31 July 1990 
Organizing: Prof. Weigel, Ecole Centrale, 
F-92295 Chatenay-Malabry cedex 
Programme: Prof. T. Hahn 

ix 
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5. International School on Crystallographic Computing 
Bischenberg (near Strasbourg): 29 July-5 August 1990 
Organizing: Dr J. C. Thierry, IBCM, 
15, rue Descartes F-67084 Strasbourg cedex 
Programme: Dr D. Moras 

EUROANALYSIS VII 

Vienna, Austria 
26-31 August 1990 

DATE AND LOCATION 

Euroanalysis VII will be held at the Technical University Vienna, Austria from Sunday, August 26 to Friday, 
August 31, 1990. The university is located in the centre of the city with easy access to accommodation facilities 
and touristic sites. 

TOPICS OF THE CONFERENCE 

Euroanalysis VII will emphasize the role of Analytical Chemistry for problem solving in major areas of 
sciences as well as methodological developments. The programme is being planned to appeal both to practising 
analytical chemists in industrial and control laboratories and to those teaching and doing research on 
analytical techniques at universities and research institutes. 

SCIENTIFIC PROGRAMME 

The programme will consist of invited plenary and keynote lectures, contributed papers, special sessions and 
workshops. In order to ensure the high quality of the programme all contributed papers will be refereed by 
an international panel. The official language of the Conference will be English and no translation service will 
be provided. 

CONTRIBUTED PAPERS 

All those intending to participate in the Conference are welcome to submit papers to be included in the 
scientific programme. The Scientific Committee will consider papers according to their relevance to the 
Conference programme and their scientific contents. A listing of possible topics is presented below but other 
areas of analytical chemistry will also be considered. In order to facilitate the planning of the scientific 
programme, authors are asked to complete the form below and return it to the Conference Organizers as soon 
as possible. Instructions for authors will be given in Circular 2; the final date for receipt of abstracts is 31 
January, 1990. 

Presentation of papers will be either oral or as posters. Please indicate your preferred form of presentation. 

TOPICS 

(A) Applications of Analytical Chemistry 
A (11) Environmental Systems and Food 
A (2) Pharmaceutical and Biomedical Science 
A (3) Biotechnology 
A (4) Materials Science 
A (5) Arts and Archeology 

(B) Methods of Analytical Chemistry 

B (1) Atomic Spectroscopy 

B (2) Molecular Spectroscopy 

B (3) Separation Techniques 

B (4) Electrochemical Methods 

B (5) Sensors 

B (6) Radiochemical and Nuclear Techniques 

B (7) Thermal Analysis 

B (8) Local and Surface Analysis 

B (9) Structure Analysis of Solids 

B (lo) Immunoassay 

B (11) Other Methods, such as Photometry, Kinetic Analysis, Process Analysis, Flow-Injection Analysis 



(C) Special Sessions and Workshops 

C (1) Sampling and Sample Preparation 

C (2) COBAC V (Computer Based Analytical Chemistry) 

C (3) Quality Assurance in Analytical Chemistry 

C (4) New Trends in Teaching Analytical Chemistry 

NOTICES 

Circular 2 will be distributed in October 1989. It will list the invited lectures and further details on the scientific 
programme, instructions for the preparation of abstracts, as well as information on the social programme, 
travel arrangements and accommodation, and will include the official registration form. Circular 2 will be 
distributed to those returning the form below. 

Circular 3 will appear in April 1990 and will list the invited and contributed papers, the social programme, 
information on the exhibition and other relevant matters. 

Complete and return as soon as possible to: 

EUROANALYSIS VII 
Prof. Dr. M. Grasserbauer 
c/o Interconvention 
A- 1450 Vienna, Austria 

Please send me Circular 2 

hope to attend Euroanalysis VII ................................................................................................................ cl 

hope to present a paper on topic no. ................................................................................. 0 

(See the numbered list of topics and fill in your topic number) 

would prefer my presentation to be oral ................................................................................................... 0 

in poster form ................................................................................................... lJ 

expect to be accompanied by person(s). ............................................................................. lJ 

Prof/Dr/Mr/Mrs/Miss/Ms 
BLOCK CAPITALS PLEASE 

Surname 

Address: 

Initials 

THE SECOND LABORATORY STRATEGIES FOR 
AUTOMATION FORUM 

For Pharmaceutical, Chemical, Food, Energy, Advanced Materials and Biotechnology Labora- 
tories will be held at the Boston Park Plaza Hotel, Boston, MA, 18-20 October, 1989. 

The goals for this forum are to stimulate strategic communication and collaboration between executives, 
leading laboratory automation vendors and senior managers and staff members in customer organizations. 
By sharing needs, technological opportunities and experiences, the laboratory automation industry can better 
serve its customers. 



xii Nollcl?s 

The Laboratory Strategies for Automation Forum is managed by Century International, Inc. For further 
information please contact Gerald L. Hawk, Ph.D. or Janet R. Strimaitis, Century International, Inc., 19 
Dean Avenue, P.O. Box 249, Franklin, MA 02038, U.S.A. 
Telephone (508) 520-3539 
TeleFax (508) 520-4114 

INTERNATIONAL WORKSHOP ON TRACE ELEMENT ANALYTICAL 
CHEMISTRY IN MEDICINE AND BIOLOGY 

Neuherberg/Munich, Federal Republic of Germany 

It was planned to hold again the 6th International Workshop on Trace Element Analytical Chemistry in 
Medicine and Biology in April 1990 at the GSF, Neuherberg. Exchanges of ideas among members of the 
Scientific Committee have led to the decision to postpone the meeting for one year. 

We have worked off in the past in five workshops the deficiency in the exchange of knowledge between 
the different fields in Trace Element Analytical Chemistry. The series of these workshops has become an 
important forum in scientific discussions among the different disciplines, especially the analytical specialists 
on one hand and the biomedical specialists on the other. The past workshops had dealt with all relevant topics. 

We all know, that recent developments in analytical techniques are now in progress, new essential trace 
elements are under discussion, speciation analysis becomes more and more the method of choice in the 
investigation of the behaviour of trace elements in living organism, etc. We believe, however, that these new 
developments need more time to be evaluated. 

Therefore, we have decided to postpone the 6th International Workshop for one year. 
We feel that only then we will be able to guarantee the high standard of contributions and to include new 

interesting topics. 
We very much hope that you will agree with us. We would very much appreciate, however, your providing 

us with suggestions to new topics for the 6th Workshop which will be organized in April 1991. 
The first circular for the 6th Workshop will be sent out at the beginning of 1990. 
Address for correspondence: 

GSF Institut fur t)kologische Chemie 
AG “Spurenelementanalytik” 
PD Dr. P. Schramel 
Ingolstiidter Landstrasse I 
D-8042 Neuherberg 
Federal Republic of Germany. 

ANALYTICA ‘90 

18-23 March, 1990 
Pretoria, RSA 

A national analytical symposium, Analytica ‘90, under the auspices of the Northern Transvaal Section and 
subject sections of chromatography and mass spectrometry of the South African Chemical Institute will be 
held in Pretoria during 18-23 March, 1990. The scientific programme will cover all aspects of analytical 
sciences and will be organized around plenary, invited and contributed papers, which will include both oral 
and poster presentations. A number of distinguished international scientists have indicated that they will give 
keynote lectures at the symposium. A number of social events are also planned. 

For further information contact: 

The Charman (Prof. J. F. van Staden) 
Analytica ‘90 
Department of Chemistry 
University of Pretoria 
PRETORIA 0002, South Africa 
Telephone: (012) 4202515 
Telex: 3-22723 
Telefax: 3422453 
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THE RONALD BELCHER MEMORIAL AWARD FOR 1990 

Applications 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 Talanta from his conception of the journal in 1957 
right up to his death. The award takes the form of a travel grant of US%1000 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 1990 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 1989. 
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PUBLICATIONS RECEIVED 

EIsevIer’s Periodic Table of the Elements: compiled by P. bF, Elsevier, Amsterdam, 1988. 1 copy: Dil. 45.00, US% 17.50 
(including postage). 10 copies Dfl. 235.00, US% 122.50 (postage to be added). 

This periodic table is completely different from the usual published tables, and unlike any we have seen before. This 
85 x 136cm wall chart consists of a main central table (57 x 31 cm), surrounded by 20 smaller periodic tables, 12 graphs 
of properties of the elements as a function of atomic number, 9 graphs of one property us. another, some tabular 
information, and a list of 91 references. In the periodic tables, many of the properties are colour-coded, so the user can 
spot trends at a glance. In the graphs of properties vs. atomic number, different colours are used in vertical bands to show 
the s, p, d and f elements in each period; this helps to point out the trends across the periods and down the columns of 
the periodic table. 

Thus, this table presents a marvellous collection of information which should be of interest to senior school pupils, 
university and college students, secondary and tertiary level teachers, and to professional chemists. It should appeal 
particularly to those (like ourselves) with strong collecting instincts. 

Of the properties presented, the following are of direct interest in the Scottish Certificate of Education Higher Syllabus: 
atomic number, standard atomic weight, element symbol, element name, melting point, boiling point, critical temperature, 
atomic radius, molar volume, electronegativity, ionization energies, metallic character, physical states, radioisotopes. Other 
properties of interest at school level include oxidation states, redox potentials, abundance in the solar system and the earth’s 
crust, naturally occurring isotopes, molar enthalpy of atomization, price, discoverer and year of discovery. Other 
information included, such as nuclear spin, Miissbauer spectroscopy, crystal shapes, atomic energy levels, fundamental 
particles, S.I. units, quantum numbers and the Aufbau principle is more relevant for tertiary education. 

The vast amount of information given means that this is not a table for use in a large lecture theatre. Most of the 
information is printed in the same size of type as a book, so an office or bedroom wall would be more suitable, or the 
library comer of a laboratory. For use in lecture theatres, the publishers suggest that small sections be recorded on slides 
for projection. 

The Elsevier Periodic Table would make an excellent gift for a young person in the final years of school, or for a school 
leaver intending to continue with the study of chemistry. We hope that it will become available for sale in bookshops, and 
thus be available for wider distribution than if it were only obtainable by post from the Netherlands. 

R. E. and M. R. MASSON 

Chemometrics: A Textbook: D. L. MASSART, B. G. M. VANDEGINSTE, S. N. DEMING, Y. MICHO~~E and L. KAUFMAN, Elsevier, 
Amsterdam, 1988. $85.25. Pages xii + 488. Dfll75.00. 

I would make no complaint if this book was called “Chemometrics: The Textbook”, since it stands head and shoulders 
above the others in the field. The authors’ aim was to write a tutorial book which would be useful to readers at every level 
in this field, and I think they have succeeded admirably in this aim. The topics are covered systematically and thoroughly, 
but with no wasted words, and with enough examples to show the reader how to use the various techniques (and not just 
gain some impression of the sort of results that can be obtained by others). 

The many topics covered include: definition of chemometrics, precision and accuracy, comparison of procedures, 
evaluation of sources of variation in data, analysis of variance, calibration, reliability and drift, sensitivity and limit of 
detection, selectivity and specificity, information, costs, regression, correlation, signal processing, response surfaces, 
optimization of methods, multivariate approach, principal components and factor analysis, clustering techniques, pattern 
recognition, decision making and process control. Each of the 27 chapters has a list of references and of recommended 
reading. 

Every analytical chemist should have access to a copy of this book: persuade your library to buy it if you cannot buy 
it for yourself. 

MARY MASSON 

Sonocbemistry: Theory, Applications and Uses of Ultrasound in Cbmistry: TIMO~B~ J. MACON and J. PHILLIP L~IMER, Ellis 
Horwood, Chichester, 1988. Pages 252 + xii. f38.50. 

“Sonochemistry” is a well-written, easy-to-read, interesting and informative text-book. Chapter 1 deals with the applications 
of ultrasonics to the fields of engineering, medicine, biochemistry, and polymers. The general principles of acoustic theory 
(wave theory, bubble formation and movement, factors affecting cavitation, etc.) are described in Chapter 2 in clear and 
simple terms: mathematical relationships between various parameters are collated in an appendix, which also includes a 
(BBC) Basic computer program. Chapter 3 on syntheses shows how the efficiency of many standard homogeneous and 
heterogeneous reactions can be considerably enhanced by the application of ultrasonics. 

Chapter 4 describes how degradation of organic polymers and polymerization techniques employing ultrasonics can be 
influenced by such factors as the frequency and intensity of radiation, solvent vapour pressure and viscosity, nature of the 
gas, temperature and pressure. Proposed mechanisms of polymerization and depolymerization are clearly set out and 
criticized, Chapter 5, on kinetics and mechanisms of reactions in aqueous media, stresses the role that free radicals from 
the solvent play in many processes. A discussion of the various methods of interpreting kinetic data covers aqueous and 
non-aqueous systems. 
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Chapter 6 deals with the uses of high-frequency ultrasound in chemical analysis and in the study of relaxation phenomena. 
It is pleasing to note that energy parameters obtained by ultrasonic techniques agree with those obtained by other 
techniques. Chapter 7, dealing with equipment and chemical reactor design, would have been better placed near the 
beginning of the book so that newcomers to this field would have a better appreciation of the instrumental points made 
in the chapters dealing with applications of this technique. Chapter 8 is a miscellany of effects of power ultrasound, such 
as sonoluminescence, and applications to precipitation, separation, filtration and electrochemical processes. 

Undergraduates, rexarch students and teachers, and industrial chemists, should be able to glean information and ideas 
on how ultrasonic devices work, and how they can be used to enhance the quality and quantity of product and safety of 
some processes. 

The book is reasonably priced and good value-for-money. 

J. B. C~AIO 

Quality Asswamx of Chemical Measurements: JOHN KEENAN TAYUIR, Lewis Publishers, Chelsea, Michigan, 1987. Pages 
xxii + 328. E47.60. 

Quality assurance of analytical measurements is a topic the importance of which has only recently been widely recognized. 
However, the author of this book, who recently retired after 57 years of service for the US National Bureau of Standards, 
latterly as co-ordinator of the NBS program for analytical quality assurance, must be one of the most experienced 
practitioners in the field. The book is based on a comprehensive short course-“Quality Assurance of Chemical 
Measurements”-that was presented some 75 times, and aims to provide guidance on the development of a QA program 
and its implementation. 

The chapters cover in logical progression the concept of quality assurance, the principles of good measurement, the 
principles of quality assurance, and the evaluation of measurements. The topics covered include: introduction to quality 
assurance, precision, bias and accuracy, statistical control, statistical techniques, chemical analysis as a system, the model, 
planning, principles of sampling, of measurement, of calibration, of quality assurance, of quality control, blank correction, 
control charts, principles of quality assessment, evaluation samples, reference materials, traceability, quality audits, 
validation, performance testing, improving accuracy and laboratory evaluation. The final chapter considers formal Quality 
Assurance Programs, and includes some discussion of federally mandated programs. The appendices include statistical 
tables, detInitions, sample QA documents, abstracts of important references and a collection of study aids for those using 
the book for self-instruction. 

Some books on QA discuss only the what and why of the subject. This book covers these aspects well, but its most 
important contribution is to explain how it all can be done. It should be mandatory reading for all professional analytical 
chemists (who should take particular note of p. 22Gan Analyst’s Code of Ethics) and it would be a valuable addition 
to the reading list for students taking postgraduate courses in analytical chemistry. 

MARY MA+%WN 

Ion Chromatography in Water Analysis: 0. A. SHPIGUN and Yu. A. Zo~orov, Horwood, Chichester, 1988. Pages 188. E32.50. 

This is both an introduction to ion chromatography and a review of the state of the art (with references extending into 
1987). The text is very well organized, so the reader can easily find material on system components, types of determinand 
and types of sample down to quite a fine degree of detail, even without recourse to the index. I found about a dozen 
typographical errors, but only one of any consequence: I would oxidize bromide with NaQCl not NaClO, (p. 182). 
Underlying principles are briefly but clearly set out in the earlier chapters and the later chapters describe problems, cures 
and novel arrangements that any practising chromatographer must learn from. I recommend this book as being both very 
useful and good value for money. 

DEREK MIDGLEY 
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TALANTA ADVISORY BOARD 

The Publisher and Editorial Board of Talanta welcome Dr M. Pesez as a member of the Advisory Board, 
on which he had served from 1960 until his appointment as Regional Editor in 1965, a position from which 
he retired at the end of 1987. 

V 
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CORRIGENDA 

In the paper by Marian F. McCurley and W. Rudolf Seitz, in the Jan/Feb issue of Volume 36 of Talanta, 
the following corrections are needed on page 343. 

Line 12 of the text in the left-hand column should read: 

capacity of 150 pmoles of Cu(I1) per ml of dried gel. 

Lines 2 and 3 of the text in the right-hand column should read: 

The binding capacities measured by AA were 
170 pmoles of Cu(I1) per ml of dried TED gel at 
pH 7.0 and 130 pmoles of Cu(I1) per ml of dried gel 
at pH 5.0. 
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PREFACE 

It is appropriate that with this U.S.A. Honor Issue appearing on the 95th birthday of Professor Izaak Maurits 
Kolthoff, it is dedicated to this father of analytical chemistry in the United States. To set the tone, a narrative 
annotation of an interview with Professor Kolthoff is presented. For history buffs, a Kolthoff Honor Issue 
of Tuluntu was published in 1964 (Vol. 11) in which a brief biography is presented by James J. Lingane, and 
a complete list of his publications up to 1964 is printed. Extensive biographical, bibliographical and 
autobiographical material is assembled in the Archives of Contemporary History of the University of 
Wyoming, Laramie, in the “Dr Izaak M. Kolthoff Collection”. Included in this collection are reprints of 
practically all his scientific publications as well as copies of 24 newspaper articles written by him and based 
on his experiences on trips abroad. 

The lead paper in this issue is an excellent account of the history of analytical chemistry in the United States, 
prepared by Professor Herbert A. Laitinen, followed by a similar review of the development of the teaching 
of analytical chemistry, prepared by Professor Royce Murray. The papers following are intended to represent 
a cross section of research in United States universities, industries and government laboratories. Necessarily, 
the majority are from academic institutions, since there are many of these, and industrial research, while state 
of the art, is often proprietary. An attempt was made to get representatives of the older established researchers 
as well as the younger up and coming ones, of the larger universities as well as the smaller ones, and to present 
work in several areas of analytical chemistry: separation and flow methods, molecular and atomic spectroscopy, 
electrochemistry, and bioanalytical chemistry. 

I am pleased with the excellent contributions from the authors, and hasten to add that they are 
representatives of many other outstanding researchers who could not be included for obvious space reasons. 

Thanks are due to Professor Peter Carr who assisted in preparing the annotation for Professor Kolthoff. 
Special thanks go to the previous Editor-in-Chief Bob Chalmers who handled all the solicited manuscripts 
in his usual meticulous manner and contributed greatly to the production of this issue. 

GARY D. CHRISTIAN 
University of Washington 
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AN INTERVIEW WITH PIET KOLTHOFF 

P. W. CARR 
Department of Chemistry, University of Minnesota, Minneapolis, MN 55455, U.S.A. 

The following is a narrative annotation prepared 
from an interview with Professor Kolthoff at the 
University of Minnesota in April, 1988. He was asked 
to reminisce about his early days as an analytical 
chemist. 

In response to my question, “What do you con- 
sider to be your greatest contribution, or which of 
your studies do you feel most interesting?‘, Professor 
Kolthoff said that his greatest interest has always 
been the quantitative interpretation of the analytical 
method employed. There were a number of other very 
interesting points which came up. For instance, his 
mentor (Professor Schoorl) did not want his name 
published with KolthotI’s in Kolthoffs early papers. 
I presume, from Piet’s comments, that Schoorl was 
an exceedingly modest man and felt that the con- 
tributions were Kolthoffs alone. Schoorl would 
spend two or three weeks reviewing one of Kolthoff s 
papers and return it to Piet. Piet would then read it 
over for an hour or so and go and discuss it with 
Professor Schoorl. On one occasion, Schoorl said, 
“Young man, how can you respond to me within an 
hour after I’ve spent three weeks studying the paper?’ 

It is clear that Kolthoff immigrated to the United 
States because he was not really able to find a 
position in Holland which would have allowed him to 
advance rapidly in the professorial ranks. He had 
received his Ph.D. in pharmacy. In Holland, there 
were two different types of “high school” at that time: 
regular high school, which did not offer Latin and 
Greek, and the “Gymnasium” which offered these 
subjects. In Piet’s home town, the first type was not 
available. Piet did not want to take Latin and Greek 
and go to the Gymnasium, so he majored in phar- 
macy and obtained a pharmacological degree. 
Schoorl himself was a full professor of Pharma- 
ceutical Chemistry at the University of Utrecht. The 
only route which Piet Kolthoff would have had for 
advancement would have been to succeed Schoorl. 
During a lecture tour of the United States in 1924, 
Kolthoff made many contacts, among others Dean 
Arnie of the Pharmacy College of Columbia Univer- 
sity. He became quite interested in Dean Arnie’s 
research which involved the measurement of pH by 
using mixtures of cobalt and nickel. The contacts Piet 
made during his 1924 tour ultimately resulted in his 
coming to the University of Minnesota in 1928 after 
being invited by Dr. Lind for a l-year teaching and 
research position. 

One of Piet’s earliest recollections is how he got his 
nickname “Pietje” or Piet for short. This was not in 

the least a family name. One of his friends gave him 
this nickname which means “little fellow” and his 
friend would always address him, “Hello, Piet, what 
do you know?’ Another early recollection of Piet’s is 
his mother’s great displeasure with his chemistry lab 
which was set up under the kitchen sink. This dis- 
pleasure continued until one day when Mother 
Kolthoff was preparing dinner for a highly honored 
guest and accidentally added a considerable quantity 
of sodium carbonate to her chicken soup. She was 
greatly distressed by this until Piet neutralized the 
sodium carbonate, using litmus paper as an indicator, 
by addition of some concentrated hydrochloric acid. 
Piet said that the hydrochloric acid was highly con- 
taminated with iron since it was a deep yellow in 
color, and in those days it usually also contained 
traces of arsenic, which he did not tell his mother 
about. This story was recounted in one of Professor 
Herb Laitinen’s tales of Piet Kolthoff. Some time 
after it appeared, Piet Kolthoff received a copy of an 
exam question from a college somewhere in Minne- 
sota. Roughly speaking, the question was as follows: 
“What volume of 4 molar hydrochloric acid would 
have to be added to Mother Kolthoffs chicken soup 
to neutralize 10 g of sodium carbonate that had been 
added?’ 

Let me come forward a good deal in time. Piet used 
to visit Holland virtually every summer up until the 
outbreak of World War II, and these visits resumed 
after the end of the war. Professor Schoorl died 
sometime during the 1940s. Piet had expected, at 
some point, that he would return to Holland to an 
academic post there. Many times during our con- 
versation Piet referred to Professor Schoorl as an 
exceedingly generous man who gave instead of 
taking. 

Piet referred several times during our conversation 
to Professor Ernest Sandell, whom he considered to 
be a great scholar. Sandell died several years ago 
upon his return from an annual geochemical expedi- 
tion to Mexico. 

No&. For some earlier publications of Kolthoff s histori- 
cal perspectives, see J. Electrochem. Sot., 1971, 125, SC 
(Historical Development of Electroanalvtical Chemistrv 
with Some Personai Annotations) and Am: Lnb., May 1975, 
p. 42 (The Development of Analytical Chemistry as an 
Analytical Science. Some Persona1 Annotations). Professor 
Herb Laitinen, in 1983, conducted a video taped interview 
with Kolthoff for the American Chemical Societv archives. 
It is of particular interest to note that in these articles 
Kolthoff points out the difficulty teachers have in discarding 
old theories and approaches in favor of subscribing to a new 
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theory, and restates Ostwald’s belief that analytical chem- the transformation of classical analytical chemistry into a 
istry was doomed to continue occupying a position subordi- scientific discipline is due mainly to physical and biophysical 
nate to other branches if anaiytica1 chemistry did not stop chemists, and mentions names such as A. A. Noyes, S. P. 
teaching and practicing chemical analysis solely as an L. Sorenson, Niels Bjerrum, Lenor Michaelis, W. M. Clark, 
empirical technique and art. He goes on to emphasize that and Walther Nernst. 

PROFESSOR I. M. KOLTHOFF 

(Photograph by Tom Foley, University of Minnesota) 
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